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II. Abstract 
Organic semiconductors have several advantages over inorganic ones, such as their cheap 
solution processability and their tolerance for flexible substrates. On the other hand organic 
semiconductors are still lacking the performance of inorganics, which makes the large scale 
commercialisation challenging. This work focuses on synthesizing new fused thiophene 
based donor moieties and their subsequent incorporation into semiconducting polymers. 
At first the synthesis of the benzotrithiophene (BTT) chromophore was attempted. The large 
aromatic unit has a strong tendency to aggregate and its incorporation into semiconducting 
polymers, resulted initially in insoluble material. However by carefully adjusting the 
solubilising side chains on the BTT core and by judiciously choosing the electron accepting 
comonomer, it was possible to synthesize highly soluble polymers, both for organic field 
effect transistors (OFET) and organic photovoltaics (OPV). When designing the polymers for 
OFET applications, extra care was taken to minimize backbone bending, thus allowing high 
charge carrier mobilities of 0.22 cm²/Vs. A similarly good performance was achieved in solar 
cells when BTT containing low bandgap polymers where employed, increasing the efficiency 
from initially 1.4% to promising 5%, and this without the use of processing additives. 
A second part of this work focuses on the synthesis of extended π-conjugated ladder type 
monomers, which present many desirable features for optoelectronical applications. Two 
classes of such polymers will be synthesized, silaindacenodithiophene (SiIDT), respectively 
thieno[3,2-b]thienobis(silolothiophene) (Si4T) containing polymers. Overall thirteen different 
polymers were obtained with those new donor units, which allowed an extensive study of 
various parameters on polymer thin film morphology and the effects on device performance. 
By systematically adjusting the polymer’s energy levels, solubilising alkyl side chains and 
aromatic building blocks, it was possible to achieve power conversion efficiencies in excess 
of 6% in organic solar cells and hole mobilities of ~0.3 cm2/Vs in OFET devices. 
Furthermore this series of polymers was the ideal platform to investigate the influence of 
polymer purity on device performance, which is of great importance to industry, because it 
would potentially eliminate any batch-to-batch variation making the production more 
reproducible and reliable. According to our findings, polymer purity is a key requirement for 
high performing devices because the solar cell efficiencies could be increased by 30% after 
material purification. 
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1 Chapter One 
 
 
Do not follow where the path may lead. 
Go instead where there is no path and leave a trail. 
Muriel Strode (1875 – Unknown) 
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1.1 From Stonehenge to π-orbitals 
Materials have always played a crucial role in human history and they have been instrumental 
in the evolution and development of our modern societies. Some 3 million years ago, our 
ancestors started making use of naturally abandoned materials, such as stone and wood, to 
manufacture basic tools facilitating the daily work.1 The use of specialized tools made the 
hunt for larger animals possible, thus allowing a more diverse diet and ensuring the 
development and survival of human kind. With ongoing evolution the need for new, more 
robust and versatile materials grew and by learning how to process metal ores the Bronze Age 
(~3000 B.C.) and later the Iron Age (~1000 B.C.) were heralded. The development of 
metallurgy was a remarkable achievement and made the development of new technologies 
possible. At the same time, intracontinental trade blossomed to supply the different forges 
with the ores extracted from the mines and acquired knowledge spread over large land strips. 
Were the first materials discovered and put to use out of necessity, the rise of highly 
developed cultures in the Persian peninsula and the Mediterranean lead to a more scientific 
culture and people started to develop new materials such as glass, ceramics, cement, paper, 
etc. With the upcoming Middle Age however the scientific culture got oppressed and the 
development of new materials stalled. It took over a millennium before materials science and 
science as a whole experienced a revival with the Age of Enlightenment and the Scientific 
Revolution. 
Only from the latter half of the 17th century on, savants like Boyle, Avogadro and Lavoisier 
pioneered the field of chemistry with their works on gases, oxidation and stoichiometry. The 
introduction of scientific methodology led to a quick succession of important discoveries and 
peaked in the 19th century with Dalton’s theory on atomic structure and the creation of the 
periodic table by Mendeleev. With chemical knowledge and scientific understanding, the 
development of new materials with new desirable properties took off again around the turn of 
the 20th century. The development of the petrochemical industry in the early 20th century 
played a crucial role in the development of synthetic materials because chemical reagents did 
no longer need to be laboriously extracted in small quantities from plants or similar natural 
sources, but could be obtained cheaply and in large quantities by isolating them from crude 
oil. As a consequence a chemical industry developed and the first chemically synthesized 
polymers became readily available. 
The first commercially successful synthetic polymer was Bakelite, a thermosetting polymer 
resin obtained by the elimination reaction between phenol and formaldehyde. Bakelite found 
very diverse applications due to its electrical non-conductivity and durability, subsequently 
sparking the interest of scientists in this new class of materials with very diverse and 
interesting properties. It did not take long for the development of new synthetic polymers to 
take off and nowadays we are constantly surrounded by various polymeric materials like 
polyethylene, Teflon, polystyrene, nylon, to name just a few (Figure 1.1). Modern life as we 
know it with all its amenities would not be possible without plastics because there is barely 
any area left in which polymers have not been incorporated. They are used as packing 
materials in the food industry, as building materials in construction and aeronautics; modern 
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medicine would be unthinkable without polymers, so would be our computers and smart 
phones. Nevertheless, just when people started to consider plastics as “boring” and 
“reasonably well studied”, the discovery of electrically conducting polymers at the end of the 
1970’s opened up a whole new area of applications, plastic electronics. 
1.2 Why Plastic Electronics? 
The industrial revolution in the 18th century led to a quick mechanisation of the industry and 
an increase in energy demand. The easiest and cheapest way to saturate this demand was to 
burn fossil fuels, such as coal and later on petroleum, respectively natural gas, which became 
readily available around the turn of the 20th century. Fossil fuels are mainly composed of 
various hydrocarbons and their combustion causes the production of significant amounts of 
gaseous carbon dioxide. This by itself is not a problem; however our energy hunger never 
ceased, but kept growing over the last century and is still rising, due to the expanding 
economies of emerging countries like China and India. Unfortunately, we did not consider the 
consequences of our actions and are facing some serious difficulties in the upcoming 
centuries to not only guaranty our energy supply, but also to cope with the consequences of 
the excessive carbon dioxide release into the atmosphere. Fossil fuels were considered 
inexhaustible and little attention was and is still paid to energy efficiency. In the same mind 
set, carbon dioxide was considered a harmless, non-toxic gas, which can be safely released 
into the atmosphere. With ongoing geological and atmospheric research in the 20th century, 
we had to learn that we are running into trouble. Not only will we be running out of fossil 
fuels in the short term, but also will we have to deal with a warming globe and its 
unpredictable consequences because carbon dioxide is a greenhouse gas and as such its rising 
concentration in the atmosphere has a direct effect on the global surface temperature (Figure 
1.2).2, 3 In order to minimize the effects of fossil fuel shortage and climate change, scientists 
started looking out for alternative energy sources, readily available and ideally not producing 
any greenhouse gases either during the exploitation, or during the energy generation. 
 
Figure 1.1: Chemical structures of some historically and commercially important polymers; 
Bakelite (1), polyethylene (2), Teflon (3), polystyrene (4) and Nylon-6 (5). 
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Renewable energy sources have been neglected a long time for several reasons. Solar energy 
for example is readily available and so is the technology to transform sunlight into electrical 
energy, however the acquisition of a photovoltaic system based on crystalline silicon is rather 
costly and one has to solve the problem of energy storage in order to ensure the energy supply 
on cloudy days and long winter nights. Another environmental issue one has to consider is the 
semiconducting material itself. Even though silicon is the second most abundant element on 
Earth, its extraction and purification to electronic grade silicon (> 99.9999%) is very cost and 
energy intensive, thereby not only releasing large amounts of carbon dioxide, but also various 
other hazardous by-products.4 Therefore it is important to develop alternative semiconducting 
materials that are ultimately cheaper to produce and have less of a negative impact on the 
environment. Semiconducting polymers could be one class of those materials that might have 
the potential to substitute silicon in certain applications and to help us address some of our 
most imminent energetic and ecological problems. 
The term “plastic electronics” is somehow misleading because it suggests that one is dealing 
with an already established technology, this is however not the case. In fact it is much more a 
family of emerging technologies, that have not yet achieved the performances of silicon based 
devices, but that have experienced incredible progress over the last decade due to extensive 
research and are rapidly emerging as an alternative to silicon in areas where cost and 
throughput are more important than device performance. Another benefit of semiconducting 
polymers over inorganic silicon is their versatile processability. Silicon needs to be crystalline 
to achieve high performances, whereas semiconducting polymers can be cheaply processed 
from solution using well established processing techniques, such as inkjet or roll-to-roll 
printing.5 This opens up the door for large area applications, on lightweight and flexible 
substrates like plastic or paper. The research field of plastic electronics ranges from 
fundamental ultra-fast photophysics to large area device fabrication. Given the diversity of 
the field, it is impossible to cover every single aspect and therefore this thesis will focus on 
 
Figure 1.2: (a) atmospheric concentration of CO2 over the last 10’000 years (symbols with 
different colours represent different studies) and (b) the change in global average surface 
temperature over the last 150 years.3 
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the design, respectively synthesis, of new semiconducting polymers and their implementation 
into organic field effect transistors (OFET) and organic photovoltaics (OPV). 
1.3 Polymers: Definitions, Characterization and Properties 
1.3.1 Definitions 6 
The term polymer originates from the Greek words “polys” (many) and “meros” (parts), 
which capture already the essence of what is important in polymer science, the number of 
repeating units. According to Paul J. Flory a polymer is “composed of covalent structures 
many times greater in extent than those occurring in simple compounds, and that this feature 
alone accounts for the characteristic properties which set them apart from other forms of 
matter”.7 In other words, the molecular weight is the feature that distinguishes a polymer 
from other compounds, but contrary to small molecules, the molecular weight determination 
of a polymer is no trivial task. This is the result of the very nature of a polymerisation 
reaction during which the polymer chain growth is entirely determined by random events, 
such as the availability of a reactive group in step-growth polymerizations. Consequently, a 
synthetic polymer cannot have one single molar mass, but is always composed of a variety of 
polymer chains differing by length, making statistical models necessary to best describe the 
length, respectively the molecular weight distribution. 
One of the most commonly used molecular weight distributions is the number average 
molecular weight (  ), 
    
      
    
 
   
 
  
  
 (1)  
where Ni is the number of polymer chains composed of i monomer units and Mi is the mass of 
a macromolecule composed of i monomer units. Alternatively the molecular weight 
distribution can be expressed in terms of mass wi, defining the weight average molecular 
weight (  ) as, 
    
     
 
 
      
 
    
   
 (2)  
It is noteworthy that the above described molecular weight distributions are by far not the 
only ones used to define molar mass distributions in polymer science and especially materials 
scientists tend to use various other average distributions to describe for example mechanical 
properties. In this work however all polymer molecular weights will be exclusively described 
in terms of number and weight average molecular weights.  
In order to characterize the dispersion or the spread of molecular weights in a polymer 
sample, the weight dispersity (Dw) has been defined as the ratio of the weight average to the 
number average and whose value is always equal to or greater than 1.8 
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   (3)  
An alternative method to describe the polymer chain length are the degrees of polymerization, 
the number average (DPn) and the weight average (DPw) degree of polymerization are given 
by 
     
  
 
 (4)  
     
  
 
 (5)  
where m is the molecular mass of the repeating unit. 
1.3.2 Step-Growth Polymerization 6, 9 
More importantly, than properly defining and measuring polymer molecular weights is the 
ability to control the molecular weight during the reaction. This has been shown effectively in 
the case of living polymerizations, but is a much trickier task in case of step-growth 
polymerizations. Semiconducting polymers are usually synthesized by step-growth 
polymerization, i.e. polyfunctional monomers react to give first dimers, then trimers, 
oligomers and with growing chain length polymers as schematically depicted in Figure 1.3. 
The simplest case of step growth polymerization is observed in case of bifunctional 
monomers (A-R-B) and the reaction can be described by 
 
Wallace Carothers was the first to relate the number average degree of polymerization (DPn) 
to the degree of conversion (p), which is defined as the number of unreacted molecules (Nt) 
after a given time t and the initial number of molecules (N0) at t=0. 
   
     
  
 (6)  
            (7)  
 
Figure 1.3: Schematic representation of a step-growth polymerization; single blue spheres 
represent monomers and red chains represent oligomer and polymer chains. 
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Carothers’ equation (Equation 9) can be derived upon introducing the average degree of 
polymerization from Equation 4 and expressing it as a function of N0 and Nt. 
     
  
  
 (8)  
     
 
   
 (9)  
Most semiconducting polymers however are not synthesized with one bifunctional monomer, 
but with two according to the equation, 
 
Now that one has to consider two monomers, Carother’s equation has to be rewritten in order 
to take into account the ratio (r=NA/NB) corresponding to the stoichiometric imbalance 
between the two monomers.  
     
       
  
               
       
  
   (10) 
After each step of polymerization one monomer is consumed from the reaction medium and 
the polymer chain grows. For each AB link created one A and one B functional group 
disappears in order to form the new bonds, therefore 
            (11) 
The total number of molecules present initially (N0) and after a time t (Nt) in the reaction can 
be formulated as follow, 
               
  
  
  (12) 
 
            
  
  
  (13) 
Thus, Carothers’ equation for step-growth polymerizations involving two different 
bifunctional monomers becomes, 
     
   
       
 (14) 
This means that in order to achieve high molecular weight polymers, two conditions need to 
be met. First of all the stoichiometry has to be respected; if r approaches 1, then Carothers’ 
equation is reduced to,  
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 (15) 
Secondly the conversion needs to be close to unity, which simplifies Equation 14 to, 
     
   
   
 (16) 
The importance of these two conditions is graphically represented in Figure 1.4 and shows 
that high degrees of polymerization can only be achieved if both aforementioned conditions 
are met simultaneously. 
From the degree of conversion p one can calculate the theoretical molecular weight 
distribution. Assuming that all unreacted functional groups are equally reactive and 
independent of each other, then p is equal to the probability of a functional group A reacting 
with a B, thus (1-p) is the probability that a function A has not reacted. At t=0 there are N0 
molecules present in the reaction medium and after a certain time t, N molecules will be 
present, 
           (17) 
The probability that a randomly selected polymer chain is composed of x monomers is given 
by,  
                (18) 
 
Figure 1.4: Graphical representation of Carothers equation for different values of r. 
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whereby px-1 gives the probability of x-1 reacted functional groups in the polymer chain and 
1-p takes into account the probability to have a terminal unreacted functional group. If there 
are N molecules in the reaction mixture, then the number of Nx molecules composed of x 
monomeric units is simply given by 
      
         (19) 
By introducing the initial number of monomers N0 from Equation 17, Nx becomes  
       
          (20) 
The above equation describes the distribution of polymer chains with a certain length x and is 
often referred to as the Schulz-Flory distribution. In terms of mass distribution wx, the 
equation can be rewritten, knowing the mass of a monomer (M0), as  
    
     
    
 
   
  
             (21) 
 
Both the number and mass distributions for various degrees of conversion are shown in 
Figure 1.5. Both graphs once again stress the importance of high conversions and by looking 
at the number distribution, it is apparent that even at very high conversion factors, it is still 
the monomer and low molecular weight oligomers that are most present in the system. The 
maximum of the mass distribution shifts towards higher values with ongoing reaction, but the 
distribution broadens at the same time making it challenging to attain very high molecular 
weight and low dispersities at the same time. 
 
Figure 1.5: Variation of the number (left) and mass (right) distributions of molecules as a 
function of their degree of polymerization. 
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1.3.3 Structure-Property Relations 
Synthetic polymers are used in all kinds of different areas, ranging from basic packing 
materials to high-tech composite materials in the aircraft industry, and one has to make sure 
to select, respectively synthesize, the adequate polymer for each application. In order to do 
so, a fundamental knowledge of the structure–property relationship is required. The 
macroscopic features of polymers rely on two different properties, the chemical structure and 
the physical aspects. 
The chemical structure is of utmost importance when designing a polymer, because at this 
early synthetic stage the polymers macroscopic properties can be defined by carefully 
choosing the types of monomer and the polymerization technique. The nature of the 
monomers will define for example the solubility, the molecular packing and the optic 
properties of the latter polymer. All these properties play a crucial role in the design of 
semiconducting polymers and will be discussed in more detail under point in the next section. 
The physical properties relate to the nature of the polymer chain and takes into account 
factors like molecular weight, weight dispersity, chain entanglements and chain stiffness. 
Those properties often have a significant effect on the mechanical properties of the polymer, 
whereby the control of the molecular weight is absolutely crucial, because many physical 
properties of a polymer are directly related to the molecular weight; some examples include 
melting temperature, viscosity, crystallinity, strength, Young’s modulus, toughness, energy 
levels (See Figure 1.6).10 
In case the molecular weight is too low, the physical properties do not differ significantly by 
the ones of the monomer and the polymeric material does not possess the desired properties. 
On the other hand extremely high molecular weight samples have to be avoided as well 
because they tend to show limited solubility, making the processing unnecessary complex. 
 
Figure 1.6: Schematic representation of some physical properties depending on polymer 
chain length.10 
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Therefore one of the most important tasks of a polymer chemist is to gain control over the 
molecular weight and to stop the polymerization reaction, once the desired molecular weight 
is achieved. 
1.4 Principles of π-conjugated Polymers and Bandgap Engineering 
Similar to ordinary polymers, semiconducting polymers are mainly composed of carbon, 
oxygen and sulphur, but why do they conduct electricity, whilst old-fashioned polymers are 
excellent electric insulators? This fundamental difference can be understood by looking at the 
chemical bonds within a polymer. Like most organic molecules, polymers are mainly 
composed of sp3 hybridised carbon atoms, which are linked together by localised σ-bonds. 
This orbital overlap assures the molecule’s integrity, but the localized electrons within the 
bond cannot contribute to the electric conductivity without causing the molecule to break-up. 
Therefore purely σ-bonded polymers like polyethylene or polyvinyl chloride possess 
extraordinary electric insulating properties. 
Conjugated polymers on the other hand are mainly composed of sp2 hybridised carbons 
resulting in a spatially extended conjugated system, along which the electrons can delocalize 
without causing the disintegration of the molecule. The geometry of a sp2 hybridised carbon 
differs significantly from a sp3 hybridised one with its tetrahedral geometry. The sp2 carbon 
possesses three sp2 orbitals with a planar trigonal geometry and each orbital can form σ-bond 
via orbital overlap with adjacent atoms. The particularity of the sp2 hybridization is the out of 
plane pz orbital, perpendicular to the plane containing the three sp
2 orbitals (Figure 1.7).11 
Whilst the electrons in the σ-bonds ensure the integrity of the molecule, the electrons in the pz 
orbitals are available to form π-bonds and to delocalize via conjugation over neighbouring π-
bonds, thus ensuring the electrical conductivity of π-conjugated polymers. 
 
Figure 1.7: The orbital energy-level diagrams for the formation of sp3 (A), respectively sp2 
(B), hybrid orbitals of carbon and below the orbital structure of the sp3 orbitals in ethane (A) 
and sp2 orbitals in ethene (B).11 
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The electron delocalization along the polymer backbone plays a crucial role in plastic 
electronics and this not only because the electric conductivity derives from it, but also 
because the conjugation pathway along the backbone defines the optical properties of the 
polymer. Both frontier energy levels, the Highest Occupied Molecular Orbital (HOMO) and 
the Lowest Unoccuppied Molecular Orbital (LUMO), depend on the distance the π-electrons 
can delocalize over, the effective conjugation length. The effective conjugation length is the 
maximal overlap of pz orbitals along the conjugated polymer backbone and depends besides 
many factors on the degree of polymerization.12 As depicted in Figure 1.8, a single thiophene 
unit shows discrete energy levels; however the covalent coupling of several π-bonds leads to 
orbital interactions, which cause a splitting in the HOMO and LUMO energy levels.13 With 
increasing conjugation length the difference between HOMO and LUMO energy narrows, 
until the system reaches saturation by forming continues band structures. 
The bandgap (Eg) (defined as the energy gap between the highest occupied and lowest 
unoccupied molecular orbitals) cannot be reduced indefinitely, simply by increasing the 
conjugation, respectively the molecular weight. External factors such as molecular 
interactions and chain packing effects will influence the bandgap energy and it is not trivial to 
describe it mathematically. Nevertheless for an ideal, perfectly planar and conjugated system 
the conclusion that the bandgap energy stabilizes after a certain number of repeating units 
remains valid and the excitation energy of the lowest excited state E(n) can be empirically 
described as, 
                             (22) 
where E1 and E∞ are the excitation energies for the monomer, respectively the polymer.
14 a is 
a parameter describing how fast E(n) saturates towards E∞. The chain length from which on 
bandgap stabilisation is observed depends on the nature of the monomers, but usually a 
bandgap saturation is observed from 10 to 15 monomer units on.15 
 
Figure 1.8: Discrete energy levels in thiophene develop into a continuous bandgap structure 
with increasing conjugation length.13 
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High molecular weight polymers are desirable because they can be easily processed into inks, 
which make the device fabrication and reproducibility easier and more reliable than with 
small molecule semiconductors, whose performance strongly depend on the processing 
conditions. Additionally, increasing the molecular weight is a very easy and efficient way to 
reduce the optical bandgap of semiconducting polymers, however at the cost of raising the 
HOMO and lowering the LUMO energy levels. But if the HOMO gets raised by too much the 
polymer’s oxidative stability will be reduced, the open-circuit voltage (Voc) in OPV devices 
might drop sharply or undesirable injection barriers could arise in OFETs. Similar issues are 
encountered when decreasing the LUMO level too much, which for example could inhibit 
charge separation in bulk heterojunction (BHJ) solar cells. Therefore in order to design high 
performance semiconductors with well adjusted frontier energy levels one has to revert to 
alternative design strategies, others then simply enlarging the π-conjugated system. 
One possibility is to modulate the bandgap by choosing different conjugated building blocks 
to construct the polymer backbone. Aromatic building blocks can have two resonance 
structures, the aromatic and the quinoidal structure (Figure 1.9).16 The quinoidal form is 
energetically less stable than the aromatic resonance structure, thus reducing the bandgap by 
raising the HOMO and reducing the LUMO energy levels simultaneously. In literature the 
resonance energy of benzene is found to be 151 kJ∙mol-1 whereas the one of thiophene is 
slightly lower with ~120 kJ mol-1.17, 18 This difference has a striking effect on the bandgaps of 
the corresponding polymers, polyphenylene (3.2 eV) and polythiophene (2.0 eV), and 
illustrates the potential of using the transition from aromatic to quinoidal structure to adjust 
the frontier energy levels. 
Caution has to be exercised when linking together different aromatic building blocks via σ-
bond. In case to much torsional twist is introduced the π-orbital overlap is reduced, which 
manifests in decreased conjugation and an increased bandgap. Backbone twisting can 
however be easily avoided by judiciously choosing the aromatic building blocks. As 
illustrated in Figure 1.10, the coupling of two benzene rings in the 1,1’-position causes an 
important torsional angle of 38.4° because of sterical overlap between the hydrogen atoms in 
the ortho positions of the σ-bond. In the case of 2,2’-bithiophene, the two 5-membered rings 
cause less steric hindrance, which reflects in a significantly reduced torsional angle of 21.7° 
between both aromatic moieties. 
 
Figure 1.9: Resonance structures of polyphenylene (top) and polythiophene (bottom). 
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Besides the nature of the aromatic building blocks, chemists have a couple of other 
possibilities to design the conjugated backbone in the most planar fashion possible to enhance 
electron delocalization and favour molecular packing simultaneously. The regioregular 
placement of alkyl chains on the polymer backbone for example not only increases the 
solubility and processability of the polymer, but also decreases the bandgap due to a more 
planar arrangement of the backbone, caused by steric hindrance between neighbouring alkyl 
chains.19-21 Another possibility, which will be discussed at full length in other chapters of this 
work, is the introduction of bridging atoms between aromatic building blocks.22, 23 As shown 
in Figure 1.11, backbone twisting between the 2,2’bithiophene unit is prevented by 
covalently bridging both thienyl rings via a tetrahedral silicon atom. Alternatively, the use of 
non-covalent interactions has been shown to be very successful in reducing torsional angles 
along the polymer backbone.24  
 
A very popular design criterion, especially in the design of low-bandgap semiconducting, is 
the donor-acceptor or so-called “push-pull” approach.25 By alternating electron-rich and 
electron-poor moieties in the polymer backbone, the bond lengths are no longer 
homogenously distributed along the polymer chain. The interactions between electron-rich 
donor and electron-poor acceptor enhance the double bond character of the polymer 
backbone, hence favouring the formation of the quinoidal structure, resulting in a bandgap 
reduction. In case the donor’s HOMO energy level is close to the acceptor’s LUMO energy 
level, the bandgap is lowered due to orbital mixing as illustrated in Figure 1.12.26 Knowing 
that in most cases the HOMO wave function is mainly located on the electron donating unit 
 
Figure 1.11: Illustration of a covalent bridge and non-bonding interactions to planarize the 
polymer backbone. 
 
Figure 1.10: Overhead and side view of both energy-minimized structures (B3LYP/6-31g*) 
of 1,1'-biphenyl (left) and 2,2'-bithiophene (right). 
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and the LUMO wave function on the accepting moiety, this allows to separately tune each 
energy level specifically for a certain application. 
Another option to separately alter either HOMO or LUMO energy level is the introduction of 
functional groups onto the polymer backbone, which in return can modify the electron density 
by either inductive or mesomeric effects. Similar to the aromatic building blocks, one has to 
distinguish between two classes of substituents, electron-donating and -accepting. Electron 
donating groups such as alkoxy, alcohol or amino groups can raise the HOMO energy level 
by inductive effect. Carbonyl, cyano or trifluoromethyl groups on the other hand are electron 
poor and as such they will have an effect on the LUMO energy level by reducing the electron 
density on the polymer backbone. However some of these functional groups can have 
multiple effects on both frontier energy levels, the cyano group being one example. As an 
electron accepting group, the cyano function stabilizes the LUMO energy level by mesomeric 
effect, but at the same time it can lower both HOMO and LUMO inductively.27 
The design of organic semiconducting materials is a rather complex endeavour because of the 
multitude of parameters one has to control at the same time. Often it is simply not possible to 
satisfy all energy level requirements at once, all the more important it is in those cases to 
understand in what application the semiconducting polymer will be used and to tune the 
energy levels accordingly. 
1.5 Semiconducting Polymer Synthesis 
In the early stages of semiconducting polymer synthesis, the most favoured synthetic 
approaches were either electrochemical or oxidative polymerizations.28-30 This approach had 
several drawbacks such as synthesizing partially oxidised polymers and of course the bad 
selectivity which made this route unsuitable for the synthesis of regioregular polymers. 
McCullough and Rieke developed synthetic routes towards regioregular poly(3-
alkyl)thiophenes (P3AT) in the early 90’s, but the requirement of highly reactive metals and 
 
Figure 1.12: Alternating donor-acceptor units lower the effective bandgap by orbital 
mixing.26 
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cryogenic temperatures made these routes unsuitable for scale-up synthesis.31, 32 This problem 
was bypassed with the discovery of the Grignard metathesis (GRIM) method in 1999, which 
allowed for the first time the synthesis of regioregular P3AT’s on large scale by eliminating 
the need for cryogenic temperatures and reactive metals.33 However this method is only 
suitable for the synthesis of regioregular homopolymers, but cannot be used for the synthesis 
of low-bandgap donor-acceptor polymers. As mentioned under the previous point, bandgap 
reduction via orbital hybridization can only be achieved in case the electron rich and electron 
poor building blocks are arranged in an alternating fashion along the polymer backbone. 
In order to incorporate donor and acceptor units in a regular fashion along the polymer 
backbone via step-growth polymerization, transition metal catalyzed cross-coupling reactions 
are used. Stille and Suzuki coupling reactions are amongst the most favoured coupling 
reactions for the synthesis of semiconducting polymers.34-37 Although both coupling reactions 
are palladium catalyzed, there are some fundamental differences to be considered. Stille 
chemistry tolerates a broad scope of functional groups and a wide range of organostannanes is 
commercially available, but the big downside of Stille chemistry is the extreme toxicity of 
organotin compounds. Organoboranes used in Suzuki coupling reactions on the other hand 
are by far less toxic and the reactions do not need to be carried out under anhydrous 
conditions. However, Suzuki couplings are more sensitive to reaction conditions than their 
Stille counter-parts and often require extensive reaction optimisation. Furthermore Suzuki 
coupling reactions need to be carried out under basic reaction conditions, which could limit 
its use towards certain functional groups. 
1.6 Organic Photovoltaics (OPV) 
1.6.1 Operating Principle 
There are three different types of organic photovoltaics, dye-sensitized solar cells (DSSC), 
small molecule solar cells and polymer solar cells, to which the work in this thesis is related 
to. Organic solar cells belong to the class of excitonic solar cells, which differ from inorganic 
solar cells (e.g. silicon p-n junction) by their interfacial and charge generation processes. In 
inorganic solar cells a free electron-hole pair is generated instantly upon photon absorption, 
whereas in organic solar cells an exciton, i.e. a coulombically bound electron-hole pair, is 
formed upon photoexcitation.38 This is a consequence of the low relative permittivity (εr) in 
organic materials (εr ≈ 2-5) compared to crystalline silicon (εr ≈ 11.9), which implies that the 
attractive Coulomb well around the electron-hole pair is larger in volume than for inorganic 
semiconductors, making it more difficult to overcome the Coulombic attraction.39, 40 
Additionally, the non-bonding interactions between organic molecules are usually weaker 
than the electronic interactions in silicon, leading to more localised electronic states.41 The 
exciton is a mobile, electrically neutral entity, that in order to form free charge carriers has to 
overcome the Coulombic attraction (V), 
   
  
       
 (23) 
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where e is the charge of an electron, εr is the relative permittivity of the surrounding medium, 
ε0 is the permittivity of vacuum and r is the distance between electron and hole.
42 
One common approach to favour the charge separation of excitons into free charge carriers is 
to blend a polymeric donor material with an acceptor material, often a soluble fullerene 
derivative.43 It is beyond the scope of this thesis to discuss in all detail the complex 
mechanism involved in free charge carrier generation in a BHJ solar cell, but in a simplified 
model (Figure 1.13) the process can be divided into four key steps. (I.) Upon light absorption 
in the active layer, the donor material* is excited and an exciton is generated by promotion of 
an electron from the donor’s HOMO into its LUMO, leaving a hole in the HOMO level. (II.) 
Once formed the coulombically bound electron-hole pair diffuses through the active layer 
towards the donor acceptor interface. (III.) In case the energy offset between the donor’s 
LUMO and the acceptor’s LUMO is larger than the Coulombic attraction between electron 
and hole, the electron transfer from the donor’s LUMO to the acceptor’s LUMO is 
energetically favoured. After electron transfer into the acceptor’s LUMO, the separate 
charges migrate away from the interface and can be extracted at the electrodes.43 
This is of course an idealised picture of the mechanisms involved and in reality a lot of 
factors do intervene making the charge generation much more complex. One of the biggest 
problems is the donor-acceptor blend itself. The exciton diffuses over a length of 5 to 10 nm 
during its lifetime and in order to dissociate into free charge carriers, it has to reach the 
donor-acceptor interface within these limits.44-46 At the same time the active layer blend has 
to form percolation pathways to ensure the charge transport from the bulk to the electrodes. 
To satisfy both criteria at the same time is not easy and often involves excessive testing of 
processing conditions and even with a well structured morphology not every formed exciton 
will reach the interface, but will decay instead and the absorbed energy will be thermally 
released. Additionally it has to be considered that even if the exciton reaches the donor-
acceptor interface, it does not necessarily dissociate into free charge carriers. For example, if 
                                                 
* Here the assumption is made that the photon’s are exclusively absorbed by the p-type material for 
simplification, but in fact nothing prevents the n-type material of absorbing photons as well 
 
Figure 1.13: Schematic representation of the fundamental processes involved in charge 
generation in a BHJ solar cell; donor energy levels are depicted in red and the acceptor ones 
in blue. 
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the energy offset between the donor’s LUMO and the acceptor’s LUMO is too small, then no 
charge transfer will occur. Other important phenomena to consider are geminate and 
bimolecular recombination.42 In the case of geminate recombination, the bound charges do 
not separate at the donor-acceptor interface, but they recombine, leading to the initial ground 
state. Bimolecular recombination on the other hand results from the recombination of free 
charge carriers, when these are not transported towards the electrodes, but recombine in the 
bulk instead.  
1.6.2 Definitions47, 48 
There are several important parameters used to evaluate the performance of a solar cell and 
most of them can be extracted from either the current-voltage (J-V) curve or the external 
quantum efficiency (EQE) curve (Figure 1.14). Considering that a donor-acceptor OPV cell 
behaves like a p-n junction diode, one can express the “dark” J-V curve mathematically with a 
Shockley diode equation, 
          
  
   
     (24) 
where J0 is the dark saturation current, q the elementary charge, V the voltage, n a diode 
ideality factor, k Boltzmann’s constant and T the temperature. By assuming n ≈ 1 and taking 
into account that under illumination a current (JL) is generated by the solar cell, the J-V curve 
of an illuminated p-n junction is given by,  
          
  
  
        (25) 
The short-circuit current (JSC) is the current density generated by an illuminated solar cell, 
when the voltage across the cell is zero, it is the maximum current possible. The JSC depends 
on a couple of factors such as illumination strength, charge separation yield, charge collection 
at the electrodes and optical losses. Additionally the short-circuit current depends on the area 
of the solar cell, but this can be easily avoided by reporting the short circuit current density 
instead of the short-circuit current. 
Besides the already mentioned JSC, the open-circuit voltage (VOC) is an important parameter 
when characterizing a solar cell.49 The open-circuit voltage (VOC) is the maximum attainable 
voltage for a photovoltaic cell at zero current. From Equation 25 derives, 
     
  
 
     
   
  
  (26) 
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In order to achieve high VOC values it is essential to minimize the saturation current J0, which 
in turn depends on recombination processes in the active layer.50 A more empirical approach 
to the open-circuit voltage is to derive the VOC from the energy difference between the 
donor’s HOMO level and the acceptor’s LUMO level.51 
The fill factor (FF) quantifies the squareness of the current voltage curve and is defined as the 
ratio between the actual obtainable power and the theoretical maximum power.52 
    
      
      
 (27) 
A fill factor of 1 would correspond to a solar cell which can provide a constant current JSC 
with a maximum voltage VOC. 
The power conversion efficiency (PCE) is the most commonly used parameter to compare the 
performance of different solar cells. The PCE measures the overall conversion of the incident 
photon flux into electrical power. Mathematically the PCE is defined as, 
            
   
   
 (28) 
where Pin is the incident photon flux on the device. Another way to quantify the efficiency of 
a photovoltaic device is the external quantum efficiency (EQE), which is defined as the 
number of charges collected at the electrodes divided by the number of incident photons at a 
specific wavelength λi. 
 
        
   
     
 (29) 
 
Figure 1.14: (Left) Charge current of an organic solar cell in the dark (green line) and under 
illumination (blue line) as a function of the voltage; (Right) Representation of a typical EQE 
as a function of wavelength for an organic solar cell. 
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the factor 1240 is the wavelength in vacuum of a 1eV photon. Ideally the external quantum 
efficiency has the square shape presented in Figure 1.14, however under real operating 
conditions this is rarely observed because of recombination effects, which reduce the EQE. 
Sub bandgap photons will not be absorbed by the active layer resulting in zero EQE at long 
wavelengths. 
1.6.3 Device Architecture 
Two device configurations are usually used in the fabrication of BHJ photovoltaic devices, 
either the conventional or the inverted architecture. Both architectures are depicted in Figure 
1.15 and rather similar at a first glance. In both cases the active layer is sandwiched between 
blocking layers and electrodes, the significant difference between both configurations 
however is the reversed polarity of the electrodes. In conventional devices the use of low 
work function cathodes (e.g. calcium, aluminium, magnesium) is necessary, which 
compromises long-term stability of the devices due to the ease of oxidation of the cathode.53 
In the inverted architecture this issue is bypassed because by reversing the polarities of the 
electrodes, higher work function metals (e.g. gold, silver), less prone to oxidation, can be 
employed as top electrode, thus ensuring long-term device stability.54 
Whereas the top electrode poses the challenging problem of oxidative stability, the bottom 
electrode needs to be transparent to visible light. The most commonly used transparent 
electrode in both device architectures are based on metal oxides, such as indium tin oxide 
(ITO).55 The ITO electrode makes up approximately 50% of the total material and production 
costs of an OPV module, therefore researchers are looking for alternative materials to tin 
oxides.56 Some of the most promising replacement materials for ITO are semi-transparent 
metal layers, carbon nanotubes, nanowires and nanoparticles are getting considerable 
attention as replacement electrodes for ITO.57-60 
Interfacial hole and electron transporting layers have become an important component of high 
performing OPV devices. Their main purpose is to adjust the energy levels between the active 
layer and the electrodes, ideally selecting only one sort of charge carrier, thus improving 
carrier extraction and preventing charge recombination at the electrodes.61 Nowadays, 
 
Figure 1.15: Schematic representation of conventional and inverted device architectures for 
bulk heterojunction solar cells; HTL: hole transport layer; ETL: Electron transport layer. 
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interfacial layers are also used as protective layers to prevent chemical reactions between the 
active layer and the electrodes or as optical spacers to increase light absorption in the active 
layer and overall device efficiency. Maybe the most prominent p-type interfacial layer is 
PEDOT:PSS, poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate, which besides 
ensuring a better charge transport towards the electrodes, also smoothens the electrodes 
surface, hence reducing the risk of electrical shorts originating from local surface defects.62 A 
variety of PEDOT:PSS blends with various pH values is commercially available, nevertheless 
the acidity of PEDOT:PSS remains an issue for device stability and this mainly because of its 
potential to corrode the electrodes.63 Extensive work is carried out at the moment to either 
substitute PEDOT:PSS completely or to use it in conjunction with inorganic metal oxides 
(e.g. MoO3, ZnO, TiO2).
61 The use of electron transport layers is often neglected in the 
conventional device architecture, but is of utter importance in the inverted architecture to 
align the energy levels of the different layers. Interestingly both zinc and titanium oxides are 
transparent in the visible light spectrum, which makes them perfect candidates to be used 
simultaneously as electron transporting material and optical spacer. 
The active layer is the most important component of an organic solar cell, because it is in this 
layer that the photons are absorbed and converted into free charge carries. As mentioned 
previously the active layer consists of a blend of electron donating and electron accepting 
materials. The composition of this active layer has sparked a lot of interest and has been 
extensively studied, which revealed its complexity.64, 65 The donor-acceptor couple in the 
active layer has to be carefully chosen in order to absorb the maximum amount of light and 
still allow for efficient charge separation. Furthermore the blend microstructure has to be 
controlled by processing conditions, which opens up a variety of possibilities, such as thermal 
annealing, processing solvents and additives to name just a few.66, 67 This work will focus 
exclusively on the use of donor polymers and fullerene acceptors in the active layer blend, but 
it is important to note that this is not the only possible combination of donor and acceptor 
materials. The synthesis of soluble fullerene acceptors is very solvent demanding and the 
purification is tricky and time consuming (Figure 1.16).68 
 
Figure 1.16: Molecular structures of two important soluble fullerene acceptors, [6,6]-phenyl-
C61-butyric acid methyl ester (PC61BM) and [6,6]-phenyl-C71-butyric acid methyl ester 
(PC71BM). 
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There is a considerable demand for developing non-fullerene acceptors to avoid the 
aforementioned short comings, but the PCE’s achieved this far with non-fullerene acceptors 
in BHJ solar cells are rather modest.69, 70 Alternatively the use of polymer acceptors was 
considered, but proved feasible only very recently because most polymer-polymer mixtures 
are thermodynamically unstable and tend to phase separate over time, resulting in a complete 
loss of photocurrent.71 
1.7 Organic field effect transistors (OFET) 
1.7.1 Device Architecture 
A transistor is a semiconducting device used to amplify, control and generate electric signals 
in integrated circuits.72 In a field effect transistor this modulation is achieved via the 
application of an electric field causing the accumulation and flow of charges between the 
electrodes. To date, both small molecule and polymer semiconductors have been successfully 
exploited as semiconducting materials in OFET devices, but the focus of this thesis will be 
exclusively on polymeric semiconductors.73, 74 There are four different ways to sandwich the 
polymer between the dielectric and the electrodes (Figure 1.17). The device architecture will 
not only have an effect on the device performance, but also on the complexity of the 
manufacturing process and ultimately the cost. 
An OFET transistor needs three electrodes to be operated, source, drain and gate electrode. 
Source and drain electrodes are needed to inject, respectively extract, charges form the 
device. The gate electrode is needed to control the charge density at the dielectric-
semiconductor interface. Only upon applying an electrical potential between the gate and the 
 
Figure 1.17: Schematic representation of the different OFET architectures; (a) bottom-gate, 
top-contact; (b) bottom-gate, bottom-contact; (c) top-gate, top-contact and (d) top-gate, 
bottom-contact. 
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source/drain contacts charges can accumulate in the transistor channel prior to extraction. 
Typically metal electrodes (e.g. gold, silver, calcium, silver, etc.) are vapour deposited 
through a shadow mask, but solution processable conducting inks have also been successfully 
employed in OFET devices. Whatever type of electrode is used, it is crucial to adjust the 
electrodes work function to the energy levels of the semiconductor to avoid injection and 
extraction barriers. One possibility to modify the electrode’s work function post-deposition is 
the application of self-assembling monolayers (SAM), which can not only alter the electrodes 
surface energy and roughness, but depending on their molecular structure, introduce dipoles 
at the interface thus shifting the effective work function of the metal.75 
One of the most important components of an OFET is the dielectric.76, 77 Unfortunately there 
is no universally applicable dielectric for organic semiconductors, but it has to be chosen 
judiciously for each semiconductor, device architecture and deposition technique. Some of 
the most important parameters of the dielectric layer are the dielectric constant εr and its 
thickness d. The capacitance (C) of the dielectric is governed by both variables and expressed 
as, 
     
  
 
 (30) 
where ε0 is the vacuum permittivity. Whereas the layer thickness can be easily controlled 
during the deposition, the dielectric constant is intrinsic to each material. Historically silicon 
dioxide (SiO2, k = 3.9) is one of the most employed dielectrics and in conjunction with 
organic semiconductors, it is usually used as insulating layer in commercially available 
bottom-gate, bottom-contact substrates. In case other device architectures are required, 
solution processable polymeric dielectrics can be used. Some of the most commonly used 
polymers are poly(methyl methacrylate) (PMMA, k = 2.6) or the fluorinated CYTOP™ 
polymer (k = 2.1).78, 79 
For OFET applications the bandgap is no longer of overriding importance, but it is the 
molecular packing and the frontier energy levels of the polymer. The accessibility of either 
HOMO or LUMO for charge injection defines the nature of the semiconductor, n-type or p-
type. In case electrons are easily injected into the LUMO, the semiconductor is said to be n-
type, meaning that the charge carriers are electrons. On the other hand, if positive holes can 
be readily injected into the HOMO, the polymer is a p-type semiconductor. More recently a 
series of materials have emerged that allow both, hole and electron injection into the 
corresponding orbitals, those materials are considered ambipolar and the charge carriers are 
either holes or electrons, depending on the applied voltage between source and gate. 
The other important parameter, when designing polymer semiconductors for OFET 
applications is the molecular packing.80 To facilitate the charge transport along the polymer 
backbone and between adjacent polymer chains, it is desirable to stiffen the backbone and to 
induce strong intermolecular interactions.81, 82 Torsional disorder can be inhibited by 
introducing covalent bonds between aromatic building blocks and intermolecular packing is 
favoured by shortening the solubilising alkyl chains on the polymer backbone, thus making 
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the conjugated backbone π-orbitals more accessible for stacking.83 However by doing so, one 
has to exercise caution because both the aforementioned approaches diminish a polymer’s 
solubility, which is one of the most desirable features of organic semiconductors. Soluble 
polymers can be formulated into inks with different viscosities to accommodate a large 
variety of printing techniques. Viscosity on the other hand is governed by the molecular 
weight of the polymer and usually the higher the molecular weight, the more viscous the 
resulting polymer formulation will be, but at the same time the overall solubility of the 
polymer decreases.84 To counter balance this effect and to increase solubility, alkyl side 
chains of various length and nature have to be attached to the conjugated backbone to 
manipulate solubility. The side chains however are not only responsible for the solubility and 
processability of the semiconductor, but they also play a crucial role in the film forming 
dynamics. The formation of a conducting channel at the semiconductor/dielectric interface is 
a prerequisite in order to operate a transistor and therefore it is essential to gain control over 
the film forming physics at this barrier. This can be achieved to some extent by varying the 
alkyl chain nature and the alkyl chain density along the backbone.85, 86 Nevertheless it 
remains a very empirical approach because no theory to date is able to predict polymer 
alignment and long range order in thin films. 
1.7.2 Operating Principle87-89 
An OFET device is operated by modulating the potential differences between the various 
contacts. At the beginning the gate voltage (VG) is zero and a negligible current flows 
between the source and the drain electrodes, hence the transistor is in its “OFF” state (Figure 
1.18a). By applying a negative bias to the gate electrode, a hole accumulation layer is formed 
at the p-type semiconductor/dielectric interface, however no current (ISD) is flowing yet 
(Figure 1.18b). Only after a negative voltage is applied to the drain electrode (VD), the 
current flows from drain to source and the transistor is switched “ON” (Figure 1.18c). 
 
Figure 1.18: Schematic representation of the hole transport in a bottom-gate, bottom contact 
OFET at different gate (VG) and drain voltages (VD). 
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As long as the VD is less negative than the VG the transistor is in a linear regime and its I-V 
characteristics given by, 
         
 
 
            
  
 
    (31) 
where µ is the charge carrier mobility, L is the length and W the width of the channel.  
In the linear regime VDS <<< VG and Equation 31 is simplified,
88 
         
 
  
                (32) 
Once the VD equals and exceeds the VG, the transistor enters its saturation regime and the 
channel “pinches off”, which means that the channel current (ISD) saturates and becomes 
independent of the VD (Figure 1.18d). Substituting VD=VG-VT into Equation 31, yields the I-
V characteristics for a transistor in saturation mode. 
         
 
  
            
  (33) 
Similar to the J-V and EQE curves for OPV devices, most important transistor parameters, 
such as mobility (µ), threshold voltage (VT), on-off ratios (Ion/Ioff), can be extracted from the 
respective transfer and output curves. Typical examples of such curves are shown in Figure 
1.19. 
 
Figure 1.19: Schematic showing of typical transfer characteristics (left) and output curves 
(right) of an OFET. Some important transistor parameters such as threshold voltage (VT), off-
current or pinch-off point are highlighted for clarity. 
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One of the most important parameters of organic semiconductors is the charge carrier 
mobility, which is the relationship between the carrier speed in the semiconductor and the 
applied field, defined as:89 
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 (35) 
This mathematical definition shows that the charge carrier mobility depends on three 
parameters, namely the conduction, the device geometry and the applied electric potentials. 
All these extrinsic variables can be controlled either during device fabrication or operation, 
but it is the chemist’s responsibility to design the semiconducting material in such a way that 
high intrinsic charge transport is made possible. 
1.8 Scope & Aim of this Thesis 
The primary aim of this thesis is to synthesis novel polyfused donor materials for 
incorporation into semiconducting polymers. Thereby the focus will lie on two different 
systems, the triangular benzotrithiophene (BTT) and the linear silaindacenodithiophene 
(SiIDT), respectively its derivative thieno[3,2-b]thienobis(silolothiophene) (Si4T). 
Furthermore the new semiconducting polymers will be tested in OPV and OFET devices to 
evaluate their potential and to study possible structure-property relations. 
Benzo[1,2-b:4,5-b’]dithiophene (BDT) is a donor unit that attracted a lot of interest when 
incorporated into donor-acceptor co-polymers.90 The BDT unit has a conjugated and planar 
structure, which favours π-π stacking, thus improving light absorption and charge carrier 
mobility. By the introduction of subtle changes to the solubilising side chains, the energy 
levels of the BDT unit could be tuned leading power conversion efficiencies of 7.7% in BHJ 
solar cells, as well as high hole mobilities of 0.25 cm²/Vs in OFET devices.91-93 Despite its 
structural similarity to BDT, very little work has been done on BTT. Roncali et al. 
synthesized planarized oligothiophenes containing the C3h-symmetrical isomer of BTT 
(BTT-sym) for applications in organic solar cells. The structural isomer BTT-asym however 
had not been reported at the time the work on this thesis started (Figure 1.20).94, 95 We do not 
expect the asymmetric isomer to hinder solid state packing, but it should allow for an efficient 
conjugation pathway between the 2 and 8 positions, similar to BDT. 
 
Figure 1.20: Chemical structures of BDT, BTT-sym  and BTT-asym. 
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A second part of this thesis will focus on the synthesis and evaluation of linear ladder type 
donor moieties in donor polymers for OPV and OFET applications. This class of monomers is 
of great interest for semiconducting applications because the rigid backbone improves the 
conjugation, leading to a bandgap reduction, and minimizes conformational disorder along 
the polymer chain, which should allow for better charge carrier mobilities.96-98 
In this work the indacenodithiophene (IDT) unit and the corresponding polymers will be used 
as model systems to investigate the influence of bridging atom, alkyl chain substitution and 
acceptor strength on the optoelectronic properties. In a second part the aromatic central 
benzene ring in IDT will be substituted by a thieno(3,2-b)thiophene unit to yield the novel 
Si4T donor monomer (Figure 1.21). The introduction of a large, electron-rich 
thienothiophene unit, should allow decreasing the bandgap and raising the HOMO energy 
level by simultaneously enhancing conjugation and favouring the formation of a more stable 
quinoidal structure in thienothiophene, compared to benzene. 
 
Figure 1.21: Chemical structures of indacenodithiophene (IDT) and thieno[3,2-b] 
thienothiophene (4T) derivatives with various bridging atoms. 
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2.1 Introduction 
The motivation behind the synthesis of benzotrithiophene originates from the success of 
previously reported benzo[1,2-b:4,5-b’]dithiophene (BDT) polymers. BDT containing 
polymers were first reported by Shiraishi and Yamamoto in 2002.99 However it was only after 
Pan et al. synthesized homopolymer 2.1 and reported hole mobility of 1.2 x 10-2 cm2V-1s-1 in 
OFET devices that the interest in this new class of thiophene polymers rose (Figure 2.1).100 
Morphological studies on 2.2 revealed that the high mobility (0.25 cm2/Vs) of this polymer 
was related to the good molecular order in solid state of the BDT unit, due to its large planar 
structure that enhances π-stacking.93  
Strong π-stacking is a favourable feature for semiconducting polymers, especially with regard 
to light absorption, because in many cases interchain interactions lead to bathochromic shifts 
in absorption spectra.101 The introduction of the BDT unit into low-bandgap polymer 2.3 
yielded extremely high performing photovoltaic materials and power conversion efficiencies 
(PCEs) exceeding 7% were achieved in BHJ solar cells.91, 92 Morphological studies led to the 
conclusion that the broad absorption, the good intermixing with the fullerene acceptor and the 
reasonably good charge transport in polymer 2.3 are responsible for the high PCE values.102 It 
is noteworthy that grazing incidence X-ray diffraction studies (GIXD) revealed a face-on 
orientation of the polymer backbone on the substrate, contrary to poly(3-hexylthiophene) 
(P3HT), which orients edge-on (Figure 2.3).103 For photovoltaic applications this is 
interesting because the probability of photon absorption is proportional to the square of the 
scalar product of the transition moment and the electric vector.104 Considering that the 
transition moment of π-π* transitions in aromatic hydrocarbons is in the plane of the 
molecule, both vectors can only be parallel and the absorption maximised if the aromatic 
polymer backbone aligns face-on on the substrate. 
Besides the morphological benefits of the BDT, it also offers a lot of synthetic flexibility at 
the 4 and 8 positions. Those positions on the central benzene ring can be exploited to either 
attach solubilising alkyl side chains or used to fine tune the frontier energy levels.105-108 By 
synthesizing the structurally similar benzotrithiophene (BTT) system, we are hoping to build 
on the already favourable properties of the BDT unit and to improve them further by 
extending the π-conjugated system. Instead of flanking the central benzene core with two 
 
Figure 2.1: Chemical structure of some high performing BDT polymers for OFET and OPV 
applications. 
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thiophene rings, it will be flanked with three in the BTT core, thus raising the electron 
density in the system. Additionally the larger triangular aromatic system should be more 
favourable to undergo strong π-π stacking, which will favour light absorption and charge 
transport when incorporated into donor-acceptor polymers. Roncali et al. incorporated the 
C3h-symmetrical isomer of BTT (BTT-sym, Figure 1.20) into star-shaped oligothiophenes 
for photovoltaic applications with moderate success.94, 95  
One of BTT-sym particularities is its lack of conjugation throughout the BTT core, which 
makes the symmetric isomer unsuitable for low bandgap polymers (Figure 2.2). The 
asymmetric BTT isomer (BTT-asym) however is fully conjugated through the lower 
benzodithiophene system as illustrated in Figure 2.2. The fact that the third thiophene unit is 
not contributing actively to the conjugation pathway is no drawback because it makes the free 
α-position accessible for chemical modifications without perturbating the planar structure of 
the fused core. 
 
Figure 2.2: Quinoidal structures of BDT, BTT-sym and BTT-asym; note the interrupted 
conjugation pathway for BTT-sym. 
 
Figure 2.3: Illustration of two different polymer backbone orientations relative to the 
substrate. (left) -stacked lamella with an out-of-plane or edge-on orientation on the substrate 
and (right) the in-plane or face-on orientation.103 
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2.2 Synthesis of Benzotrithiophene Monomer109, 110 
2.2.1 Synthesis of an Acylated Benzotrithiophene 
In order to be able to modify the BTT core at reasonable synthetic costs, special emphasis 
was put into the design of a flexible synthetic pathway, starting from cheap commercially 
available reagents. The first four synthetic steps (Figure 2.4) to synthesize the BTT core are 
independent of the nature of the alkyl side chain in the 5-position of the BTT unit. Only 
thereafter the synthesis is getting more specific in order to modify the solubilising alkyl chain 
to tune the physical and electronic properties of the latter polymer. 
In a first step commercially available 2,3-dibromothiophene (2.4) was acylated under Friedel-
Crafts reaction conditions with the corresponding alkanoyl chloride. The slow addition of 
aluminium chloride at low temperature is a prerequisite to avoid the formation of tars and 
polymers.111 The acylation at the free α-position of 2.4 is highly selective and the acylated 
thiophene (2.5 & 2.6) can be used in the next reaction step without further purification after 
isolation from the reaction mixture. The trithiophene system (2.7 & 2.8) was assembled via 
subsequent Suzuki-Miyaura cross-coupling reaction with thiophene-3-boronic acid.112 Suzuki 
reactions are known to be high yielding, but in case of 2.6 the highest attainable yield was 
found to be 48%, compared to 86% in case of compound 2.5. Possibly the long and bulky 
pentadecyl alkyl chain in the 2-position of 2.6 prevents higher reaction yields by making the 
brominated 5-position less accessible to the oxidative addition of the palladium catalyst.  
The synthetic key step in the synthesis of the BTT core is the ring-closure of the trithiophene 
compound (2.7 & 2.8) because it is at this point that the rigid and fused BTT system is 
generated, which will be essential for intermolecular π-π interactions. In a first attempt it was 
considered to brominate compounds 2.7 & 2.8 in the 2-positions of the pendant thiophene 
with N-bromosuccinimide (NBS), followed by a copper-mediated Ullmann coupling.113 For 
the brominating step the stoechiometry needs to be perfectly respected to avoid any mono- or 
overbromination of the trithiophene system, which in both cases would lead to a fastidious 
work-up. Additionally the yield of the Ullmann ring-closure was rather low, possibly due to 
the competing dehalogenation. Based on those findings the bromination/Ullmann route was 
rejected and the BTT core was generated via Scholl oxidation in the presence of boron 
trifluoride and dichlorodicyano-p-benzoquinone (DDQ).114, 115 The exact mechanism behind 
the new carbon-carbon bond formation is not yet entirely understood, but two mechanisms 
are plausible, the arenium cation and the radical cation mechanism.116 Due to the high 
 
Figure 2.4: Synthesis of the BTT core 
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reactivity of the reaction intermediates, numerous side reactions were observed, most notably 
the formation of oligomers. Even though the DDQ was added slowly at low temperature, the 
oligomerization could not be entirely prevented leading to a laborious work-up and mediocre 
reaction yields. 
The 1H NMR spectra of the trithiophene system 2.7 and the ring-closed BTT derivative 2.9 
were recorded in CDCl3 and are shown in Figure 2.5. Before ring-closure all the proton 
signals appear at typical chemical shifts for thiophene rich molecules (7.0-7.3 ppm) with the 
exception of H6 which is found further downfield due to its proximity to the carbonyl group. 
In the ring-closed derivative 2.9 however all signals are significantly deshielded compared to 
2.7. This is a manifestation of the increased aromatic ring current in 2.9 and experimental 
evidence for the compounds aromatic nature. 
By using a shorter nonanoyl side chain on the BTT core, it was possible to grow a single 
crystal from slow evaporation of a dichloromethane/methanol solution.† X-ray diffraction on 
the single crystal not only confirmed the structure of the molecule, but also showed the planar 
geometry of the aromatic BTT core (Figure 2.6). 
                                                 
† The single crystal was grown by Dr. Christian Nielsen. 
 
Figure 2.6: The molecular structure of one (A) of the six crystallographically independent 
molecules present in the crystals of 5-Nonanoylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene in top 
view (top) and side view (bottom). 
 
Figure 2.5: 1H-NMR spectra of 2.7 before and 2.9 after ring-closure. 
Chapter 2: BTT polymers for organic solar cells 
32 
Once the BTT derivatives 2.9 and 2.10 were obtained, the flexible synthetic pathway could 
bear fruit in order to synthesize a series of BTT monomers with different side chains. This is 
important because it allows studying the influence of the various side chains on the 
optoelectronic properties and the morphology of the polymers. In order to incorporate the 
BTT unit into conjugated semiconducting polymers via cross-coupling reactions, it needed 
functionalisation at the 2- and 8-positions (see Figure 2.7 for atom numbering). Even though 
the electron-withdrawing acyl substituent slightly deactivates compound 2.10 towards 
electrophilic substitutions, the bromination with NBS at both α-positions proceeds smoothly 
to yield the dibrominated BTT monomer 2.11 (Figure 2.7). 
2.2.2 Synthesis of a Linear Alkylated Benzotrithiophene 
As depicted in Figure 2.8, the linear alkylated BTT derivative 2.12 could be obtained by 
reducing 2.10 using the Huang-Minlon modification of the Wolff-Kishner reduction.117, 118 
However the bromination of 2.12 proved far more difficult than the one for 2.10. A very poor 
regioselectivity was observed in case of 2.12, when the same reaction conditions were used as 
for 2.11, leading to the formation of a multitude of BTT isomers, predominantly 2.13 and 
2.14 (Figure 2.8). Neither reducing the reaction temperature to 0°C, nor changing the 
reaction time or solvent did lead to a significant improvement of regioselectivity. 
To understand this unanticipated problem with the regioselectivety, a more in depth study and 
characterization of the formed reaction intermediates was carried out. When 2.12 was reacted 
with one equivalent of NBS, almost exclusively the formation of the monobrominated isomer 
2.15 was observed (Figure 2.9). Exposing compound 2.15 to another equivalent of NBS 
resulted in the formation of several compounds, but mainly 2.13 and 2.14. According to those 
findings, position 8 is most susceptible towards electrophilic bromination, followed by the 
positions 2 and 6 with similar reactivities. All brominated BTT isomers (2.13-2.15) were 
identified by NMR spectroscopy as shown in Figure 2.9. 
 
Figure 2.7: Bromination of acetyl BTT. 
 
Figure 2.8: Synthetic pathway towards the alkylated BTT monomer. 
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The 1H NMR spectrum of the 8-bromo-derivative (2.15) shows two singlets in the aromatic 
region of the 1H NMR spectrum from H6 and H7 and two close-lying doublets from H2 and 
H3. Between 100 and 130 ppm in the 13C NMR, five signals are found, four corresponding to 
the hydrogen bearing thiophene carbons and one for the brominated carbon (112 ppm). To 
unambiguously confirm the structure of 2.15, a heteronuclear multiple bond correlation 
(HMBC) experiment between H7 and C8 was performed in addition to a nuclear Overhauser 
effect (NOE) experiment between the two proton singlets (H6 and H7). The H7 proton in the 
1H NMR spectrum of 2.14 is shifted far down-field (8.7 ppm) and the coupled AB spin 
system (H2 and H3) has almost merged to a singlet (7.4 ppm). The corresponding 13C NMR 
spectrum shows three aromatic C-H carbons and two C-Br signals. An HMBC experiment 
revealed the long-range coupling between C8 (112 ppm) and H7. The spectra of 2.13 are 
shown at the bottom of Figure 2.9. Three aromatic singlets (H3, H6 and H7) can be seen in the 
proton spectrum and three C-H carbons in the corresponding 13C NMR. H3 and H7 show long-
range couplings to the two bromine-bearing carbons C2 and C8 (113-114 ppm), while the 
NOE experiment confirmed the spatial proximity of H6 and H7. Regarding the difficulties 
encountered to separate the different brominated BTT isomers, an alternative route towards 
2.13 was developed (Figure 2.10). 
 
 
Figure 2.9: 1H-NMR (left) and 13C-NMR (right) of the identified products from the NBS 
bromination with observed long range couplings indicated. 
 
Figure 2.10: Alternative bromination route. 
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2.12 was selectively lithiated at the 2- an 8-position with tert-butyllithium at low temperature. 
Bulky tert-butyllithium was given priority over n-butyllithium for the metallation of 2.12 to 
prevent side reactions at the 6-position because of the induced sterical hindrance, thus making 
the proton at the 6-position less accessible. The dilithiated intermediate was quenched with 
1,2-dibromotetrachloroethane to form the 2,8-dibrominated compound (2.13) in excellent 
yield and purity. 
2.2.3 Synthesis of a Branched Alkylated Benzotrithiophene 
The relatively low solubility of monomers 2.11 and 2.13 lead to the assumption that once 
incorporated into polymers, solubility issues could become a major concern for processability 
and device fabrication. Therefore the synthesis of a more soluble BTT monomer bearing a 
branched alkyl side chain was attempted, starting from BTT derivative 2.9. A second octyl 
alkyl chain was attached to 2.9 via Grignard reaction to obtain the tertiary alcohol 2.16 
(Figure 2.11). Because of the sterically hindered nature of the carbonyl function on 2.9, the 
Grignard reaction might proceed via single electron transfer mechanism instead of the more 
commonly encountered nucleophilic addition mechanism.119 Initially, the reaction was 
attempted in THF leading to the formation of the primary alcohol as a side product because 
the Grignard reagent acted as a base instead of a nucleophile. By substituting the THF for 
diethyl ether as reaction solvent, the formation of primary alcohol could be largely avoided 
and the desired tertiary alcohol (2.16) was obtained in good yield (80%). 
The reduction of the tertiary alcohol 2.16 proved far more difficult than expected and needed 
several attempts before being successfully brought to completion (Figure 2.12). Initially the 
alcohol was supposed to be tosylated and subsequently reduced with lithium aluminium 
hydride. However due to the steric hindrance between the tosyl-group and the BTT core, the 
tosylation proved impossible with p-toluenesulfonyl chloride. In order to increase the 
reactivity of the tosyl chloride, it was reacted with N-methylimidazole to form a more reactive 
N-sulfonylammonium chloride intermediate, hoping to overcome the steric hindrance.120 In 
this case the tosylation of 2.16 was observed, but the conversion was very low (< 20%) and 
the toslyation pathway was abandoned in favour of the reduction with a mixed hydride 
system consisting of lithium aluminium hydride and aluminium chloride.121 
 
Figure 2.11: Synthesis of the branched alkyl BTT monomer. 
Chapter 2: BTT polymers for organic solar cells 
35 
In contrast to the previous reaction conditions, the mixed hydride approach allowed to 
convert 90% of 2.16 into the branched BTT moiety 2.17. Unfortunately, the other 10% of the 
starting material are transformed to the alkene (2.18) via elimination. The alkene was 
completely removed via a serious of laborious column chromatographies, thus lowering the 
yield slightly to 78% for the reduction of 2.16. Based on the difficulties encountered during 
the bromination of 2.12, 2.17 was brominated using the alternative route via selective 
lithiation. The final dibrominated monomer 2.19 was recovered in excellent yield (80%) and 
purity (Figure 2.11). 
2.3 Synthesis of Benzotrithiophene Containing Low Bandgap 
Polymers 
An aspect to be considered with the various BTT monomers is the non-centrosymmetric 
nature caused by the asymmetric side chain-bearing thiophene unit. This thiophene does not 
actively participate in the conjugation of the molecule and therefore should not influence the 
optical properties of the polymers. The regiochemistry (Figure 2.13) could however have an 
influence on other physical properties such as solubility and solid state packing, but 
considering the planar nature of the BTT monomer, those influences are supposed to be 
minor. Throughout this thesis no synthetic efforts will be made to control the regiochemistry 
of BTT containing polymers and even though all copolymers will be drawn in a regioregular 
fashion for simplicity, they are most likely regiorandom. 
 
Figure 2.12: Reduction attempts of the tertiary alcohol 2.16. 
 
Figure 2.13: Illustration of a regioregular (left) and a regiorandom (right) type connectivity 
for BTT copolymers. 
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2.3.1 Benzothiadiazole Containing Polymers 
2.3.1.1 Synthesis 
Benzo[c][1,2,5]thiadiazole (BT) is the workhorse amongst the many different acceptor units 
developed over the last decade. It can be readily brominated or borylated, which makes it 
equally attractive for both Suzuki and Stille coupling reactions. Two low bandgap BTT 
polymers (2.20 and 2.21) were prepared by Suzuki coupling using exactly equimolar amounts 
of both the dibrominated and bis(boronic acid pinacol ester) monomer (Figure 2.14).97 
After 72 hours at 110°C, both reaction mixtures had turned extremely viscous to solid, 
nevertheless they were quenched via precipitation into acidic methanol. Both polymers were 
filtered off and recovered as dark blue solids. Unfortunately 2.20 and 2.21 proved to be 
insoluble even in hot chlorinated solvents such as 1,2,4-trichlorobenzene. The insolubility 
could have several reasons. First of all the polymers could have very high molecular weights 
and are therefore insoluble; this hypothesis however cannot be verified and is therefore highly 
speculative. The more likely explanation would be that one hexadecanoyl, respectively 
hexadecyl side chain per repeating unit does not provide enough solubility to the polymer. 
Additionally the crystal structure, obtained from the monomer, revealed the co-planarity 
between the BTT core and the substituted side chain, which will favour strong π-stacking 
interactions, but also be counterproductive to solubility. 
In order to synthesize a soluble BTT polymer, the polymerization of 2,1,3-benzothiadiazole-
4,7-bis(boronic acid pinacol ester) and 2.19 was attempted using the same reaction conditions 
(Figure 2.15). Even though the alkyl chains are shorter on monomer 2.19 compared to 2.20, 
the proximity of the branching point to the BTT core should prevent too strong π-π stacking, 
hence increasing the solubility of polymer 2.22. 
 
Figure 2.14: Reagents and conditions for the Suzuki coupling reactions yielding polymers 
2.20 and 2.21. 
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After reaction completion, the dark blue viscous reaction mixture was precipitated into acidic 
methanol, before the weight average dispersity (Dw) of the crude polymer was narrowed by 
Soxhlet extraction in acetone, cyclohexane and chloroform. By gradually washing the 
polymer with better solvents, low molecular weight oligomers and catalytic impurities can be 
removed. Recently, the purity of organic semiconductors received stronger focus by the 
research community. Evidence has been found that minor impurities (e.g. structural defects, 
oligomers, etc.) can act as charge traps and recombination centres thus significantly reducing 
the photocurrent in OPV devices.122, 123 In a complementary study, Mateker et al. found that 
low molecular weight impurities can lead to significant reductions in device lifetimes and this 
in absence of oxygen and moisture.124 Besides organic impurities, inorganic ones have been 
shown to affect the optical properties of conjugated materials, even at levels as low as 0.06 
ppm.125 Therefore it is important to remove residual catalytic impurities via chelation, 
followed by aqueous extraction.126, 127 The importance of polymer purification will be 
discussed in more detail in Chapter 4. 
After completed purification the molecular weights of 2.22 were measured by gel permeation 
chromatography in chlorobenzene at 80°C (Mn=41 kg/mol, Mw=254 kg/mol and Dw=6.2). 
With the branched alkyl side chain on the BTT monomer high molecular weights could be 
achieved and the polymer remained highly soluble in chlorinated organic solvents. The very 
high weight average dispersity of 6.2 can have two reasons. Either the polymer still contains 
large amounts of low molecular weight oligomers because the Soxhlet extraction was not 
extensive enough or the employed solvents did not properly solubilise and extract the 
oligomers present. Or such a large weight distribution can be indicatory of polymer 
aggregation in solution, which is favourable for interchain packing, but also falsifies the GPC 
measurements. Ideally the elution volume of a single polymer coil is probed during a GPC 
measurement, but in case of polymer aggregates the elution volume will be smaller than it 
would be for a single coil, thus erroneously leading to higher weight average molecular 
weights and dispersities. 
2.3.1.2 Optical Properties 
The aggregation of 2.22 was studied in more detail by UV-vis. absorption spectroscopy. The 
absorption spectra of a series of 2.22 solutions at different concentrations in o-
dichlorobenzene (oDCB) were recorded and are presented in Figure 2.16. 
 
Figure 2.15: Synthesis of soluble BTT polymer 2.22. 
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Optical absorption spectroscopy of 2.22 in oDCB solution reveals two strong absorption 
bands one originating from the -* transition (λmax = 373 nm) and a second much stronger 
internal charge transfer (ICT) absorption band (λmax = 577 nm), hence confirming the donor-
acceptor (D-A) nature of the copolymer. From a series of dilute solutions the maximum molar 
extinction coefficient (per repeat unit) was calculated to be 17,000 M-1cm-1, which is 
significantly higher than for the well studied P3HT (10,000 M-1cm-1).128 When comparing the 
absorption spectra of the 2.22 solutions at different concentrations, only subtle changes are 
observed with decreasing concentration. These differences are very small and not conclusive 
to settle the matter of aggregation. Therefore absorption spectra of polymer solutions at room 
temperature and elevated temperature (~100°C) were recorded and compared to the 
absorption spectrum of the polymer in thin film (Figure 2.16). The hot oDCB solution 
spectrum displays almost identical absorption features to the solution at room temperature 
apart from a minimal decrease in the long wavelength shoulder. In solid state, the ICT 
absorption band is slightly red-shifted compared to the solution spectra with a maximum 
absorption at 585 nm. This bathochromic shift is the result of a more planar backbone in solid 
state, likely to be favoured by efficient interchain π-π interactions. 
The HOMO energy level of 2.22 was measured by photoelectron spectroscopy in air (PESA) 
and found to be -5.1 eV, which is lower than HOMO value of P3HT (-4.7 eV) and should 
prevent oxidation of 2.22.129, 130 It is generally accepted that in order to have an oxidatively 
stable semiconducting polymer, the HOMO energy level must be lower than the air oxidation 
threshold of approximately -5.2 eV.131, 132 This is a very simplified definition of oxidative 
polymer stability and it has been shown that many other factors such as polymer cristallinity 
and chemical structure do play a role as well.133, 134 
 
Figure 2.16: UV-vis. absorption spectra of 2.22 at different concentrations in oDCB (A) and 
in solution at room temperature, at eleavated temperature and in thin film spincoated from 
oDCB on glass substrate (B). 
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The LUMO of 2.22 was estimated by adding the optical bandgap of 1.8 eV, estimated from 
the absorption onset of the solid state UV-vis. spectrum, to the HOMO and found to be -3.3 
eV. Both frontier molecular orbital energy levels of 2.22 indicate high potential for 
photovoltaic applications including efficient charge transfer and a high open-circuit voltage. 
According to the quantum chemical calculations (B3LYP/6-31G*) performed on the 
methylated trimer, the HOMO wave function is distributed along the polymer backbone, 
whereas the LUMO is predominantly localised on the BT acceptor units (Figure 2.17). Even 
though the polymer backbone is bent due to the specific geometry of the BTT unit, the 
bending does not seem to have any effect on the wave function distribution. 
The calculated HOMO and LUMO energy values of 2.22 are 4.99 eV and 3.25 eV, 
respectively. The structural similarity of the BTT unit to the BDT one is underlined by 
comparing those calculated energy level values to the calculated ones of the methyl 
substituted BDT-BT trimer, which were predicted to be 5.00 eV for the HOMO and 3.21 for 
the LUMO energy level. This similarity is solid proof for the design motivation behind the 
BTT core and raises hopes to achieve similarly high (or higher due to the above mentioned 
advantages of BTT) PCE values with 2.22 as with BDT based polymers in BHJ solar cells. 
2.3.1.3 Photovoltaic Devices 
The bulk-heterojunction solar cells were prepared in a conventional device architecture 
consisting of ITO/PEDOT:PSS/2.22:PCBM/Ca/Ag and tested under simulated 100 mW cm-2 
AM1.5G illumination. Initially the active layer blend composition was optimized with 
PC61BM by testing polymer:fullerene blend ratios from 1:1 to 1:4 and thicknesses ranging 
from 45 to 100 nm (Figure 2.18). All active layers were processed from a chloroform:oDCB 
(4:1) mixture. The highest PCE (1.6%) was obtained with a 1:2 blend ratio and an active layer 
thickness of 55 nm. A high VOC of 0.80 V could be obtained, but the device was heavily 
limited by the current and the low fill factor (FF) (Table 2.1). 
 
Figure 2.17: HOMO (left) and LUMO (right) distributions for the minimum-energy 
conformation of a methyl-substituted 2.22 trimer optimized with Gaussian at the B3LYP/6-
31G* level. 
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Table 2.1: Photovoltaic properties of polymer solar cells from 2.22, all devices made from 
CHCl3:oDCB with a 1:2 ratio of 2.22:PCBM. 
PCBM 
Thickness 
(nm) 
VOC 
(V) 
JSC 
(mA/cm2) 
FF 
PCE 
(%) 
C60 55 0.80 5.09 0.40 1.6 
C70 55 0.81 6.36 0.41 2.1 
 
In order to increase the current density, the PC61BM was substituted for PC71BM. The high 
icosahedral symmetry (Ih) of C60 fullerene forbids certain electronic transitions, whereas they 
are allowed in case of C70 with its lower pentagonal symmetry (D5h), thus leading to a 
stronger absorption in C70 fullerene derivatives.
135-137 The current density could be increased 
by 20% using PC71BM as the acceptor (Figure 2.19). But due to the still low FF of 0.41, the 
PCE only increased to 2.1%. The external quantum efficiency (EQE) spectrum of the best 
performing device with PC71BM is shown in Figure 2.19. The device exhibited a fairly broad 
response with efficiencies in the range of 35-40% from λ = 350 to 580 nm, and a peak EQE of 
41.4% at λ = 475 nm. Upon integration of the EQE spectrum with the AM1.5G solar 
spectrum, a JSC = 6.55 mA cm
-2 is expected, higher than but in good agreement with the 
measured value. The polymer:PC71BM blend absorption spectrum is shown in Figure 2.19 
and correlates nicely with the corresponding EQE spectrum. Furthermore by comparing the 
absorption spectra of both studied polymer blends, it becomes apparent that the 
experimentally observed increase in JSC is the result of improved absorption when using 
PC71BM instead of the C60 derivative. 
 
Figure 2.18: J-V characteristics of the 2.22:PC61BM (left) and 2.22:PC71BM (right) devices 
with different thicknesses of the photoactive layer under 100 mW/cm2 AM1.5G simulated 
solar illumination. 
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The previously mentioned BDT-BT polymer has been studied in photovoltaic devices by You 
et al..138 The BDT-BT device displayed slightly lower VOC (0.77), but still in good agreement 
with the assumption of similar HOMO energy levels to 2.22. Interestingly though the PCE 
(0.9%) found for BDT-BT was significantly lower and this due to the very low JSC (3.02 mA 
cm-2). This strengthens the hypothesis that the larger BTT unit has a favourable influence on 
the charge transport in an OPV device. The same group reported the synthesis of naphtho[2,1-
b:3,4-b’]dithiophene (NDT) copolymerized with BT and obtained a rather low PCE of 1.3% 
when blended with PC61BM.
139 This result is a further indication that the third thiophene unit 
in BTT is preferable to the benzene unit in NDT. 
The surface morphology of the 2.22:fullerene blends was probed with atomic force 
microscopy (AFM). Both samples showed very similar nanomorphologies with well 
intermixed polymer-fullerene domains (Figure 2.20: AFM images (tapping-mode, 10  10 
µm) of 2.22:PC61BM (left) and 2.22:PC71BM (right) blends.). The similarly good polymer 
 
Figure 2.19: (Left) J-V characteristics of both 2.22:fullerene (1:2) devices with a 55 nm thick 
active layer under 100 mW/cm2 AM1.5G simulated solar illumination. (Right) The 
corresponding external quantum efficiency (EQE) spectrum for the 2.22: PC71BM solar cell 
and the UV-vis. spectra of the 2.22:PC61BM (1:2) and 2.22:PC71BM (1:2) blends in the solid 
state.  
 
Figure 2.20: AFM images (tapping-mode, 10  10 µm) of 2.22:PC61BM (left) and 
2.22:PC71BM (right) blends. 
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fullerene miscibility for both PC61BM and PC71BM, supports the previously made claim that 
the larger JSC observed for the PC71BM device originates from increased photocurrent and not 
from morphological differences. 
The BTT core has proven useful as a building block in low bandgap semiconducting 
polymers and high VOCs were achieved. However the PCEs achieved in BHJ solar cells were 
relatively low because of low JSC and FF. One possibility to increase the current is to 
substitute the BT acceptor for one that is known to yield polymers often exhibiting 
exceptionally high JSC values in OPV devices. 
2.3.2 Dithiophenylpyrrolopyrrole Containing Polymers 
2.3.2.1 Synthesis 
Diarylpyrrolopyrrole was first isolated in 1974 as a by-product from a reaction mixture and 
not of large interest because of its low solubility. Diarylpyrrolopyrroles are intensively 
coloured and present an extraordinary thermal and photochemical stability, factors recognized 
by CIBA-Geigy (now BASF) in the 1980’s, which lead to the commercialization of 
diarylpyrrolopyrrole based high performance dyes. The same properties that made the 
molecule interesting for the dye industry make it an interesting candidate for applications in 
light absorbing polymers. After initial reports of 3,6-di(thiophen-2-yl) pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (DPP) based polymers leading to high PCE values (>3.2%), work on this 
class of materials expanded and a considerable number of DPP polymers has been 
synthesized ever since.140-143 Because of the high extinction coefficients of DPP based 
polymers and their generally high charge carrier mobilities, JSC exceeding 10 mA cm
-2 are 
routinely obtained in BHJ solar cells.144-146 Encouraged by those findings, the synthesis of a 
BTT-DPP copolymer was envisaged with the aim to increase the current densities and FF in 
the photovoltaic devices. 
So far all BTT polymers could be synthesized via Suzuki coupling reactions, however at this 
point both monomers, BTT and DPP, were available only in the dibrominated form and the 
decision was made to convert BTT monomer 2.13 into its stannylated counterpart 2.23 
(Figure 2.21). 
 
Figure 2.21: Stannylation of BTT monomer. 
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2.12 was selectively lithiathed at the free α-positions and the reaction quenched with 
trimethyltin chloride. The major compound recovered was indeed 2.23, but it still needed 
purification in order to be used as monomer in the subsequent step-growth polymerization. 
Trimethyl tin groups are very labile and easy to hydrolyse, which makes the purification by 
silica column chromatography either very difficult or simply impossible. Therefore one of the 
most convenient ways to purify tin monomers is via recrystallization from aprotic solvents, 
implying the compound to purify is a solid. 2.23 however turned out to be a pale yellow oil 
that needed to be extensively purified via preparative-scale recycling size exclusion 
chromatography (recSEC). The NMR spectra of 2.23 before and after recSEC purification are 
shown in Figure 2.22. 
The main impurities include various aromatic side products most likely originating from 
partial lithiation or poor selectivity of the lithiating agent and excess trimethyl tin. The rather 
low reaction yield for the stannylation step can be rationalized by the presence of numerous 
side products and the extensive recSEC purification needed to isolate 2.23 in high purity, 
resulting in the loss of some product. 
The new DPP containing BTT polymer was synthesized via microwave assisted Stille 
coupling according to the reaction conditions presented in Figure 2.23.147 Compared to 
Suzuki reactions, Stille ones often require higher temperatures, which can be problematic in 
 
Figure 2.22: 1H-NMR of 2.23 before (top) and after (bottom) recSEC purification recorded in 
acetone-d6 (red star). Black arrows in the top spectrum highlight major impurities. 
 
Figure 2.23: Synthesis of polymer 2.24 via microwave assisted Stille coupling. 
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case the reagents or the products are thermally instable. Using microwave heating on the 
other hand allows for shorter reaction times because of the increased heating rates and more 
efficient heating throughout the reaction medium, hence lowering the risk of side reactions 
and reagent decomposition.148 
By quenching the crude polymer in acidic methanol the trimethyl tin end-groups would be 
hydrolyzed, but the terminal bromines would stay in place. Park and co-workers recently 
demonstrated that the presence of reactive end-groups has an effect on the overall efficiency 
of the solar cell and demonstrated that proper end-capping of the polymer actually yielded 
0.5% higher PCE values.149 Considering these results, polymer 2.24 was only precipitated 
into acidic methanol after it was end-capped with trimethyl(phenyl)tin and bromobenzene. 
After precipitation the crude polymer was purified via Soxhlet extractions and inorganic 
impurities were removed via chelation with diethylammonium diethyldithiocarbamate. 
Polymer 2.24 was obtained in reasonable molecular weights (Mn = 26 kg mol
-1and Mw = 66 
kg mol-1) and interestingly the weight average dispersity was much lower with 2.5 compared 
to the 6.2 obtained for 2.22. 
2.3.2.2 Optical Properties 
The UV-vis. spectra of 2.24 are bathochromically shifted compared to the spectra of 2.22 and 
show more distinctive features (Figure 2.24). First of all the higher energy π-π* transition is 
of lower intensity in 2.24 with a maximum at 420 nm in solution, respectively 430 nm in solid 
state. The most intense transition is observed at 774 nm for both solution and solid state. 
Interestingly this absorption band of 2.24 in solid state broadens towards the blue and no red-
shift is observed. This hypsochromic broadening indicates a decrease in effective conjugation 
length along the backbone, but it could also be the results of chain aggregation in the form of 
H-aggregates. Similar behaviour has been previously observed for high performing DPP 
based polymers with a strong tendency to aggregation.150  
 
Figure 2.24: Normalized optical absorption spectra of polymer 2.24 in dilute CB solution 
(black line) and as thin film (red line) spin-cast from CB solution (5 mg/ml). 
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The aggregation of 2.24 was further investigated by recording the UV-vis. absorption spectra 
of a dilute 2.24 solution in chlorobenzene at different temperatures (Figure 2.25). Based on 
these studies, it becomes clear that the main absorption peak around 770 nm originates only 
partially from polymer aggregates as its intensity decreases with increasing temperature due 
to dilution effects and not so much because of solvation effects. 
The calculated minimum-energy conformation of a 2.24 trimers is shown in Figure 2.26. The 
polymer backbone is similarly planar to the one of polymer 2.22 and so are the wave function 
distributions. The HOMO is mainly localized on the donor part of the polymer, whereby the 
LUMO density is larger on the electron accepting DPP part of the polymer backbone. The 
HOMO energy level was measured by PESA to be -5.2 eV and the LUMO estimated via the 
optical bandgap at -3.8 eV. 
In conclusion, the maximum absorption of 2.24 is bathochromically shifted by nearly 200 nm 
compared to 2.22 and in conjunction with the low lying HOMO energy level, it is expected to 
achieve simultaneously high VOC and large JSC values in BHJ solar cells. 
 
Figure 2.25: Temperature-dependant UV-vis. absorption spectra (left) and the corresponding 
difference spectra (right) for a chlorobenzene solution of 2.24. 
 
Figure 2.26: HOMO (left) and LUMO (right) distributions for the minimum-energy 
conformation of a methyl-substituted 2.24 trimer optimized with Gaussian at the B3LYP/6-
31G* level. 
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2.3.2.3 Photovoltaic Devices 
A conventional ITO/PEDOT:PSS/2.24:PC71BM/LiF/Al device configuration was used to 
prepare the photovoltaic devices. The active layer was composed of a 1:2 (w/w) 
polymer:PC71BM blend and processed from a chloroform:oDCB (4:1) solution. In agreement 
with the low lying HOMO energy level of the polymer, a high VOC of 0.72 V was obtained 
(Figure 2.27). Despite the high VOC and the very high FF of 66%, the power conversion 
efficiency did not exceed 1.7%. Again the limiting factor for the device efficiency is the 
short-circuit current, which in case of 2.24 is even lower than for 2.22 with only 3.50 
mA/cm2. This is an unexpectedly low JSC, especially because the absorption spectrum of 
polymer 2.24 was significantly red-shifted compared to the absorption of 2.22. However by 
comparing the EQE spectrum of the 2.24 device to the absorption spectrum of the blend in 
Figure 2.27, it becomes apparent that the EQE is overall very low (< 15%) and barely any 
photocurrent is generated by the polymer, but most of the photocurrent originates from direct 
optical excitation of the PC71BM (~350-600 nm). In subsequent studies it was found that the 
energy offset between the polymer and PC71BM LUMO is only ~0.2 eV, which might be 
insufficient for efficient charge transfer from donor polymer to acceptor fullerene.151-153 
An additional factor that will influence the current density is the polymer:fullerene blend 
morphology. In case there is no percolated network of PC71BM, respectively polymer, rich 
domains in the active layer, the charges might still be generated in the blend, but cannot be 
efficiently extracted towards the electrodes. To probe the active layer blend morphology 
atomic force microscopy (AFM) was employed and the corresponding image is depicted in 
Figure 2.28. The film is of high quality and very smooth, but there seem to be larger 
structures separated by deeper valleys. This kind of features could be caused by strong 
polymer aggregation leading to the large elevated structures and preventing the intermixing 
with the PC71BM acceptor. One way to prove that morphological reasons are partially 
responsible for the low current in the photovoltaic devices of 2.24 would be to modify the 
 
Figure 2.27: (Left) J-V characteristics of a 2.24:PC71BM (1:2) device under 100 mW/cm
2 
AM1.5G simulated solar illumination. (Right) The corresponding external quantum efficiency 
(EQE) spectrum for the 2.24: PC71BM solar cell and the UV-vis. spectra of the 2.24:PC71BM 
(1:2) blend in the solid state. 
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morphology and to investigate the effects on device performance. Altering the morphology 
can be easily achieved by the addition of solvent additives to the active layer blend, however 
there is no scientific approach towards which additive to use, which can make the process of 
selecting the proper one very laborious. 
2.3.2.4 Effect of Molecular Weight on OPV Performance154 
Another possibility to change the blend morphology is to use different molecular weights of 
the polymer.155 Therefore polymer 2.24 was fractionated into three different molecular 
weights via preparative-scale recycling size exclusion chromatography (recSEC). The SEC 
traces of the different fractions are shown in Figure 2.29 and the molecular weights 
summarized in Table 2.2. All three SEC chromatograms show a Gaussian like mass 
distribution and the different molecular weight fractions were isolated with very narrow 
weight dispersities. In case of the 2.24 polymer, the weight dispersities and higher molecular 
weights have a direct effect on the solubility of the material. The unfractionated 2.24 polymer 
was easily soluble in warm chlorinated solvents and so is the low molecular weight fraction 
2.24-L. The medium and higher molecular weight fractions (2.24-M and 2.24-H) however 
are only soluble in hot chlorinated solvents. Once dissolved the polymers form stable 
solutions at ~70°C. At lower temperatures the aggregation becomes predominant and the 
solutions too viscous to spin-coat homogenous films. 
Table 2.2: Macromolecular parameters of the fractionated 2.24 polymer. 
Polymer 
Fraction 
Mn 
(kg/mol) [a] 
Mw 
(kg/mol) [a] 
Dw
 [a] DPn
 [b] 
2.24-H 90 188 2.1 68 
2.24-M 73 155 2.1 55 
2.24-L 22 34 1.5 17 
[a] Average molecular weight in number (Mn), in weight (Mw) and weight average dispersity Dw (Mw/Mn) as 
determined by SEC using narrow weight average dispersity (Dw < 1.10) polystyrene (PS) standards and 
chlorobenzene as eluent. [b] The degree of polymerization (DPn) is defined in this case as the number of 
repeating units. 
 
Figure 2.28: AFM images (tapping-mode, 2  2 µm) of 2.24:PC71BM blend, processed from 
chloroform:oDCB (4:1). 
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The higher tendency to aggregate or the lower solubility of 2.24-M and 2.24-H is related to 
two factors. First of all the viscosity of a polymer solution depends on the molecular weight, 
i.e. the higher the molecular weight the more viscous the polymer solution and the solution 
temperature needs to be kept high to prevent aggregation of polymer chains. Polymer 
solubility on the other hand is a much more complex process and various models have been 
employed to describe polymer solvation.156 In a polymer sample with a low Dw, the lower 
molecular weight polymer chains could act no longer as plasticizers in the sample and the 
larger molecular weight chains can crystallize into a dense network, making it more difficult 
to dissolve the sample. 
Bulk heterojunction solar cells with the following standard architecture 
ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al were fabricated. Similar to the previously tested 
unfractioned 2.24 polymer, the active layer of all three fractions (2.24-L, 2.24-M and 2.24-H) 
consisted of a polymer:fullerene blend (1:2 weight ratio) and was deposited from a 
chloroform:oDCB (4:1) solvent mixture. The J-V curves and the corresponding EQE spectra 
are shown in Figure 2.30. The photovoltaic properties are summarized in Table 2.3. There 
are significant differences between the photocurrents of the various devices. In the 2.24-L 
device, a JSC of only 2.9 mA cm
-2 could be obtained, leading again to a low device efficiency 
of 1.4%. This is in agreement with the previous findings for the non-fractionated 2.24 
polymer because both samples (2.24 and 2.24-L) have similar molecular weights and if the 
photocurrent is limited for morphological reasons, this should still be the case after 
fractionation. The devices fabricated with the higher molecular weight fractions 2.24-M and 
2.24-H performed much better, yielding PCE values of 2.8%, respectively 5.2%. The increase 
in device performance is correlated to an increased photocurrent because the FF and the VOC 
remain nearly unchanged for all three molecular weight fractions. The EQE spectra of all 
three devices reveal again very low contributions of the polymer to the photocurrent. In all 
devices the polymer plays the role of hole transporting material, whereas the fullerene is the 
light absorber and responsible for the photocurrent generation. Nevertheless there are 
observable differences in the efficiency of charge photogeneration by the PC71BM. More 
charges are generated in the 2.24-H:PC71BM blend than in the 2.24-M:PC71BM or 2.24-
 
Figure 2.29: Normalized SEC traces of the various 2.24 fractions. 
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L:PC71BM blends. Because all polymers are structurally the same and only have different 
molecular weights, it is likely that the increased charge photogeneration in the higher 
molecular weight sample originates from morphological differences. 
Table 2.3: Photovoltaic properties of polymer solar cells from fractionated 2.24, all devices 
made from CHCl3:oDCB with a 1:2 ratio (w/w) of polymer:PC71BM. 
Polymer 
Fraction 
VOC 
(V) 
JSC 
(mA/cm2) 
FF 
PCE 
(%) 
2.24-H 0.68 10.5 0.72 5.2 
2.24-M 0.69 5.7 0.70 2.8 
2.24-L 0.70 2.9 0.69 1.4 
 
To verify this hypothesis, transmission electron microscopy (TEM) and X-ray diffraction 
measurements were carried out on the different blend films. The TEM micrographs of 2.24-
L:PC71BM show a coarser structure and larger domain sizes than the micrograph of 2.24-
H:PC71BM (Figure 2.31). Furthermore the PC71BM rich domains (dark grey areas) are larger 
in the lower molecular weight sample, which clearly indicates the effect of molecular weight 
on the morphology. X-ray diffraction studies on drop-casted pristine polymer films revealed a 
lamellar stacking distance of ~24.5 Å and a π-stacking distance of ~3.6 Å. In the 
diffractograms of the blend films, the peak intensity increases from low (2.24-L) to high 
(2.24-H) molecular weight polymer and at the same time the full width at half maximum 
(FWHM) of the diffraction peaks decreases. This supports the previously raised idea of 
higher molecular order in the low molecular weight 2.24-L film compared to the 2.24-M and 
2.24-H films. 
 
Figure 2.30: (Left) J-V characteristics and (right) EQE spectra of 2.24-L:PC71BM,  
2.24-M:PC71BM and 2.24-H:PC71BM devices (1:2 w/w) under 100 mW/cm
2 AM1.5G 
simulated solar illumination. 
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The fractionation and subsequent isolation of higher molecular weight polymer lead to high 
PCE values of 5.2% in bulk heterojunction solar cells. However based on the EQE spectra 
and the morphological studies, it can be concluded that this higher PCE is not the result of 
more efficient charge generation by the polymer, but rather the result of favourable 
morphological changes caused by the higher molecular weight, leading to more efficient 
charge generation by direct excitation of the PC71BM. The BTT polymer plays a passive role 
during the charge generation and serves mainly as hole transporting material. A solar cell 
based on expensive fullerene as the photoactive material is of course not the way forward to 
develop low cost and high efficiency organic solar cells. 
2.3.3 Random Benzotrithiophene-Based Donor-Acceptor Copolymers 
2.3.3.1 Synthesis 
So far a couple of problems emerged with BTT based polymers for OPV applications. First 
of all there is the strong tendency to aggregate which can be a processing issue under certain 
conditions. Secondly, both BTT polymers (2.22 and 2.24) employed in BHJ solar cells so far 
failed to yield high PCEs. In case of 2.22, a high VOC could be achieved, but the FF did not 
 
Figure 2.31: (Top) TEM images of thin films of 1:2 weight ratio 2.24-L/PC71BM and 2.24-
H/PC71BM blend films. Dark grey patches correspond to PC71BM-rich domains. (Bottom) X-
ray scattering patterns of drop-casted (A) polymer films and (B) fractionated 2.24/PC71BM 
blend films on Si/SiO2 substrates. 
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exceed 0.4. In contrast, for 2.24 very high FF was obtained, but because of insufficient energy 
offset between polymer and fullerene LUMO, charge transfer was difficult, resulting in low 
JSC and disappointing PCEs. The ideal BTT polymer for OPV applications could be a 
combination of both 2.22 and 2.24. The incorporation of several different chromophores into 
the same polymer backbone by random copolymerization has been previously attempted to 
alter the optoelectronic properties of the parent polymer.157-159 A further advantage of 
incorporating additional chromophores into the polymer backbone is the possibility to use the 
additional monomers not only to tweak the frontier energy levels, but also to enhance the 
overall solubility of the polymer. 
The principle of the random polymerization consists of mixing three different bi-
functionalized monomers together and polymerizing them. The result is a polymer along 
whose main chain the monomers are randomly arranged. One of the monomers employed will 
be the distannylated 2.23 and the other two will be a mixture of dibrominated DPP and a third 
dibrominated monomer M3 (Figure 2.32). 
The percentage at which M3 was introduced was intentionally kept low (12.5%, except for 
2.28 where it is 25%) because the aim of synthesizing the random copolymers was to keep the 
optoelectronic properties of 2.24 mainly intact and to just slightly alter the energy levels and 
maybe the polymer’s morphology. Two sets of random copolymers were prepared. A first one 
keeping the ratio of DPP to M3 constant (3:1) by introducing weaker acceptor units, 2,1,3-
benzothiadiazole BT (2.25) and N-octylthienopyrrolodione TPD (2.26). The introduction of 
weaker acceptor units into the polymer backbone should allow to marginally tune the frontier 
energy levels, making the electron transfer from polymer LUMO to fullerene LUMO more 
efficient in polymer:fullerene blends. In the second set of random copolymers (2.27 and 2.28) 
the ratio of DPP to M3 was increased from 3:1 to 1:1, hence lowering the DPP content in the 
polymer. Having less DPP in the polymer should increase the polymer’s solubility, even 
more so because M3 is the highly soluble BTT monomer 2.19. All random terpolymers were 
synthesized via microwave assisted Stille coupling, similar to the reaction conditions used for 
2.24. Even though structurally very different monomers were polymerized, all polymers were 
obtained in very high molecular weights after work-up and Soxhlet purification (Table 2.4). 
 
Figure 2.32: Synthesis of random BTT-containing polymers. 
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Interestingly, 2.24 could never be obtained in such high molecular weights, but was 
repeatedly obtained in much lower molecular weights. The exact reason for this is not entirely 
understood, but it is speculated that the reduced solubility of higher molecular weight 
polymer might cause the reaction kinetics to stall. In order to insure the integrity of the study 
and to avoid eventual molecular weight effects, a higher molecular weight fraction of 2.24 
was isolated by recSEC (2.29). 
Table 2.4: Molecular weights and thermal stability of the random terpolymers. 
Polymer 
Mn
 [a] 
(kg/mol) 
Mw
 [a] 
(kg/mol) 
Dw
 [a] 
Td
 [b] 
(°C) 
2.25 130 280 2.1 415 
2.26 90 130 1.4 416 
2.27 190 520 2.7 420 
2.28 165 430 2.6 426 
2.29 185 580 3.1 391 
[a] Average molecular weight in number (Mn), in weight (Mw) and weight average dispersity Dw (Mw/Mn) as 
determined by SEC using narrow weight average dispersity (Dw < 1.10) polystyrene (PS) standards and 
chlorobenzene as eluent. [b] Decomposition temperature (5% weight loss) determined by thermal gravimetric 
analysis under nitrogen. 
2.3.3.2 Frontier Energy Levels and Optical Properties 
The ionization energies of all polymers were measured by PESA (Figure 2.33). The HOMO 
energy levels of both parent systems (2.22 and 2.29) were estimated to be -5.1 eV, 
respectively -5.2 eV. The introduction of BT into the polymer backbone did not influence the 
HOMO energy level of 2.25, which was found to be -5.2 eV. TPD has been used previously 
to lower the HOMO level compared to the corresponding BT based polymers.160 This trend 
was observed as well for the random terpolymers where a reduction of 0.1 eV was measured 
 
Figure 2.33: Frontier energy levels of the different random copolymers compared to their 
parent polymers 2.22 and 2.29. The dotted lines are optical guides for the HOMO, 
respectively LUMO levels of both parent systems. 
Chapter 2: BTT polymers for organic solar cells 
53 
for 2.26. For polymers 2.27 and 2.28 the electron donating character of the polymer backbone 
is enhanced by increasing the content of electron rich BTT units. For polymer 2.27 only 
12.5% of additional BTT were added to the polymer chain and this small amount was not 
sufficient to increase the HOMO level (at our level of “observation”). In case of 2.28 
however, the more electron donating character is stressed by an increase in the HOMO energy 
level compared to the parent 2.29 system to -5.1 eV. 
The LUMO energy levels were derived by adding the optical bandgaps to the HOMO energy 
levels and are summarized in Table 2.5. Due to the overall high DPP content in the 
terpolymers, the LUMO energy levels are mainly defined by the strongly electron-accepting 
DPP moieties and have no resemblance to the higher lying LUMO of 2.22 at -3.3 eV. All 
random terpolymers have optical bandgaps of 1.4 eV, independent of the employed third 
monomer. Therefore the LUMO energy levels are following the same trend as the HOMO 
energy levels, with the lowest LUMO at -3.9 eV for polymer 2.26 and the highest one at -3.7 
eV for the more electron rich polymer 2.28 (Figure 2.33). 
The optical absorption spectra of all terpolymers were recorded in dilute chlorobenzene 
solution and in thin film spin-coated from a 5 mg/mL chlorobenzene solution (Figure 2.34). 
In both solution and thin film UV-vis. absorption, polymers 2.25 and 2.26 are 
 
Figure 2.34: Normalized optical absorption spectra of the various BTT based random 
copolymers in dilute chlorobenzene solution (top row) and as thin films (bottom row) spin-
cast from chlorobenzene solution (5 mg/ml). 
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hypsochromically shifted compared to 2.29. The spectrum of 2.25 resembles largely the 
spectrum of 2.29, even though its vibronic structure is less pronounced in solution. TPD is a 
weaker acceptor than DPP or BT and therefore the main absorption band of 2.26 is the most 
blueshifted one, as well as slightly broadened towards the higher energies. In the second set 
of terpolymers similar blueshifts are observed compared to the parent polymer. However this 
time the gradual hypsochromic shift is not caused by a weaker acceptor, but by the dilution of 
the DPP acceptor in the polymer backbone. By introducing 12.5% more BTT donor units 
into the backbone, the maximum absorption of 2.27 blueshifts by 20 nm in both solution and 
solid state absorption spectra. The addition of another 12.5% of BTT (2.28) causes a further 
hypsochromic shift of ~10 nm and the appearance of a second distinctive absorption 
maximum at 677 nm in solution, respectively 680 nm in thin film. Moreover, the increase of 
BTT units in the polymer leads to the formation of a second absorption band around 500 nm, 
which is attributed to the -* transition of oligomeric BTT chromophores within the 
polymer chain. This new absorption band is much more intense in the 2.28 polymer than the 
2.27 polymer, this because of the higher BTT content in 2.28 making the formation of 
continuous BTT segments and the resulting transitions more likely. 
 
Table 2.5: Optical properties and frontier energy levels of the various terpolymers. 
Polymer max 
[a] 
(nm) 
max 
[b] 
(nm) 
HOMO [c] 
(eV) 
LUMO [d] 
(eV) 
2.25 761 767 -5.2 -3.8 
2.26 748 758 -5.3 -3.9 
2.27 755 757 -5.2 -3.8 
2.28 746 750 -5.1 -3.7 
2.29 774 776 -5.2 -3.8 
[a] Dilute chlorobenzene solution. [b] Thin film spin-cast from chlorobenzene solution (5 mg/ml, 1000 rpm). 
[c] HOMO energy level measured by PESA. [d] LUMO energy level estimated from the HOMO level and the 
optical band gap. 
2.3.3.3 Photovoltaic Devices 
The following device configuration, ITO/PEDOT:PSS/polymer:PC71BM/LiF/Al, was used to 
evaluate the terpolymers suitability as donor material in organic solar cells. All the J-V curves 
and EQE spectra are shown in Figure 2.35 and summarized in Table 2.6. The higher 
molecular weight 2.29 performed slightly better (2.7%) than the previously tested 2.24. Both 
VOC (0.71 V) and FF (0.60) are high, but the device is once again current limited. Both 
terpolymers containing the weaker BT and TPD acceptors, 2.25 and 2.26, showed 
significantly higher JSC values with 10.95 mA/cm
2, respectively 8.87 mA/cm2. As a 
consequence the PCE nearly doubled to 5.1% for 2.25 and 4.2% were achieved with polymer 
2.26. The more BTT rich polymers also showed improved PCE’s compared to 2.29. The 
highest PCE was achieved for polymer 2.27 with 4.6 %. The performance of 2.28 was slightly 
lower with 4.3% and this mainly because of a lower FF and a slightly lower VOC, which is in 
agreement with its higher HOMO energy level. In the end all terpolymers performed better in 
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BHJ solar cells then the parent DPP based copolymer 2.29 and this without the use of 
additives or thermal annealing. 
The reason why the terpolymers are performing so much better in devices than 2.29 can be 
found in the EQE spectra. Compared to the EQE of 2.24, more charges are generated by 2.29, 
but overall the efficiency is relatively low over the complete range of the spectrum, resulting 
in the lowest JSC of all polymers. The EQE’s of 2.25 and 2.26 are much higher, exceeding 
40% at 490 nm. The contribution of 2.26 to the charge photogeneration is even lower than for 
2.29 and this because of its low LUMO energy level, hence an even smaller energy offset for 
charge transfer from donor polymer to fullerene acceptor is expected. The photocurrent 
generation is significantly improved in case of 2.27 and 2.28 as evidenced from the larger 
EQE response between 650 and 800 nm. This is in agreement with the higher LUMO energy 
levels measured, allowing a far more efficient electron transfer from polymer to fullerene 
LUMO. EQE values of 24% (750 nm) were measured for 2.27, compared to 33% for 2.28 and 
only 16% (780 nm) for 2.29. 
 
Table 2.6: Photovoltaic properties of the BTT terpolymers. All devices made from 
CHCl3:oDCB (4:1) with a 1:2 ratio (w/w) of polymer:PC71BM. 
Polymer 
JSC 
(mA/cm2) 
VOC 
(V) 
FF 
PCE 
(%) 
2.25 10.95 0.68 0.69 5.1 
2.26 8.87 0.72 0.66 4.2 
2.27 11.10 0.68 0.61 4.6 
2.28 12.07 0.66 0.53 4.3 
2.29 6.30 0.71 0.60 2.7 
 
After all the evidence found for the influence of the additional third monomer on the 
photophysics, the surface morphology was probed via AFM to investigate the impact of the 
 
Figure 2.35: (Left) J-V characteristics and (right) EQE spectra of terpolymer:PC71BM, 
(1:2 w/w) under 100 mW/cm2 AM1.5G simulated solar illumination. 
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terpolymers on the blend morphology (Figure 2.36). The blend films with 2.25 and 2.29 
show the coarsest structures with well intermixed polymer:PC71BM phases. The domain sizes 
seem to be a bit larger for 2.25, leading potentially to more efficient exciton dissociation and 
charge extraction, hence a higher JSC and PCE. Interestingly the film with 2.26 is much 
rougher and showing evidence of larger crystalline structures. The root mean squared (RMS) 
roughness was measured to be 2.56 nm compared to 1.05 nm for 2.25. The exact origin of 
those crystalline domains is unclear, but it is speculated that their presence is related to 
polymer aggregates. Even though 2.26 has a very high alkyl chain density along the polymer 
backbone, it was found to be only soluble at elevated temperatures and to heavily aggregate, 
forming a gel-like structure, at room temperature. Polymers 2.27 and 2.28 form both very 
homogeneous and smooth films with RMS roughnesses not exceeding 1 nm. 
The terpolymer approach has been proven very useful to adjust the frontier energy levels, 
resulting in significantly improved PCE’s compared to the parent system 2.29. The 
introduction of a third monomer also allows improving the polymer’s solubility and 
processability leading to the formation of high quality films as evidenced by the AFM 
images. 
2.4 Conclusions 
A series of four novel BTT based monomers was synthesized via oxidative ring closure and 
fully characterized. By introducing different acyl and alkyl side chains to the BTT unit it is 
possible to alter the solubility of the monomer, which is of utmost importance to ensure the 
processability of the latter polymer. BTT based low bandgap donor-acceptor copolymers 
were synthesized via Stille and Suzuki cross-coupling polymerization, thus underlining the 
chemical versatility of the BTT monomer. 
Copolymer 2.20 and 2.21 were insoluble, but by introducing a branched alkyl side chain on 
the BTT moiety, the soluble polymer 2.22 could be synthesized. The polymer showed a broad 
UV-vis. absorption band and high a VOC (0.81 V) was obtained in BHJ solar cells. 
Unfortunately the JSC was very low and the device efficiency did not exceed 2.1%. In order to 
increase the JSC the DPP based polymer 2.24 was synthesized and revealed very strong 
aggregation behaviour in solution. OPV devices prepared with this polymer however yielded 
again very low currents and unsatisfactory efficiencies of 1.7%. By increasing the molecular 
 
Figure 2.36: AFM images (tapping-mode, 2  2 m) of polymer:PC71BM (1:2) blends spin-
cast from chloroform:oDCB (4:1). 
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weight of the polymer, the PCE could be increased to above 5%, but the underlying problem 
remained. The LUMO energy level of 2.24 is estimated to be at -3.8 eV, which is rather low 
and seems to prevent electron transfer from the polymer to the fullerene LUMO. This 
behaviour could only be partially reversed by morphological changes using higher molecular 
weight polymer, but overall most of the photocurrent is generated by direct excitation of the 
PC71BM and not by the polymer according to the EQE spectra. In a last attempt to alter the 
frontier energy levels a series of terpolymers were synthesized in very high molecular weight. 
The introduction of a third monomer into the polymer backbone allowed to slightly tweak the 
energy levels and across the board higher efficiencies were achieved, with the highest one at 
5.1% for polymer 2.25. Interestingly, these efficiency improvements were possible without 
extensive device optimisation, compared to the 2.24 devices, in which a lot of optimisation 
was invested and still the performances barely exceeded 2%. 
The BTT chromophore proved to be a very versatile building block for highly soluble low 
bandgap donor polymers. By carefully adjusting the frontier energy levels, high power 
conversion efficiencies could be obtained and further improvements should be possible once 
the morphological implications on the charge photogeneration are fully understood. 
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Oliver Wendell Holmes, Sr. (1809 – 1894) 
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3.1 Introduction 
Benzotrithiophene (BTT) based polymers are prime candidates for transistor applications. 
The large and planar structure of the BTT core is predestined to undergo strong π-π stacking 
interactions, which has been proven highly beneficial for carrier mobilities in the past.82, 93 
However the stronger the supramolecular interactions between polymer chains the higher the 
tendency of aggregation and the lower the solubility. Rieger et al. undertook a systematic 
study on the influence of backbone curvature in polythiophenes on charge transport and 
solubility.161, 162 Linear rod-like polymers show exceptionally high charge transport in 
OFETs, but tend to aggregate heavily, thus lowering the solution processability. On the other 
hand, too much backbone curvature renders the polymers highly soluble, compromising the 
charge transport properties in return. The geometry allowing the best trade-off between good 
solubility and maximizing charge transport was found to be at an angle of 127° along the 
monomers conjugation pathway, which would make the BTT-asym unit the perfect 
candidate. X-ray diffraction on the single crystal confirmed the planar geometry of the 
aromatic BTT core and revealed as well that the bonding angle between the two free α–
positions is approximately 140°, which is close to the aforementioned optimal bending 
geometry in the study of backbone curvature in polythiophenes (Figure 3.1). 
When designing semiconducting polymers, many factors have to be taken into consideration 
depending on the application. In case of the BTT monomers, the choice of the solubilising 
alkyl side chain is crucial to achieve certain properties. By incorporating hexadecanoyl (2.11), 
respectively hexadecyl (2.13) substituted BTT units into the polymer backbone, one can 
favour molecular packing and strong π-π interactions. According to the crystal structure 
depicted in Figure 2.5 the side chains are in the same plane as the aromatic BTT core and 
will not interfere with the polymers packing motif. Even though strong interchain interactions 
are desirable in organic semiconductors, they can also lead to major solubility issues thus 
making the polymer in the worst case insoluble and (and impair formation of high molecular 
weight polymers). In such cases it is desirable to integrate the BTT unit 2.19 with its 
branched alkyl side chain. The bulkier side chains prevent to some extent too strong packing 
interactions, which promotes the polymers solubility (and a high degree of polymerisation). 
However the solubilising alkyl side chains can not only be employed to tune solution 
processability, but in case of the synthesized BTT monomers their slightly different chemical 
structures can be employed to tune the electronic properties of the polymer as well. Whereas 
 
Figure 3.1: Geometry of a BDT unit (left) and a BTT moiety (right). 
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the alkyl chain substituents on 2.13 and 2.19 are inductively donating, the carbonyl group on 
the 2.11 monomer has a strong electron withdrawing character. This withdrawing character 
impacts the electron distribution of the BTT core compared to the BTT bearing the alkyl 
chain substituent, as depicted in Figure 3.2. In contrast to the alkylated BTT, the highest 
occupied molecular orbital (HOMO) of the acylated BTT (COBTT) is no longer distributed 
over the entire BTT core, but splits up into a delocalized wave function on the bottom 
benzodithiophene unit and a second more localized wave function on the upper thiophene, to 
which the carbonyl group is attached. In addition, a significant portion of the lowest 
unoccupied molecular orbital (LUMO) is located on the carbonyl group of the COBTT unit, 
whereas in the case of the BTT moiety, the LUMO is mainly located on the BTT core and 
not on the attached alkyl chain. This perturbation of the wave functions illustrates the 
influence of the electron withdrawing carbonyl group on the frontier energy levels and will be 
even more valuable once the BTT cores are incorporated into copolymers because it should 
allow us to systematically adjust the energy levels. 
3.2 BTT-co-dialkylbithiophene Polymers 
3.2.1 Extended BTT Monomer Synthesis 
Besides the beneficial molecular geometry of the BTT moiety and the possibility to alter the 
wave function distribution via side chain substitutions, the molecular packing of the polymer 
chains as a whole is a third parameter to be considered. It is difficult to predict beforehand 
what packing motifs a polymer will adopt in solid state, but by selective placement of alkyl 
chains along the backbone, polymer chain interactions can be either enhanced or inhibited. 
The most commonly used approach to prevent molecular packing is to introduce some kind of 
steric hindrance between the alkyl side chains on the backbone. As a result the polymer chain 
has to rearrange into a higher energy conformation. The more conformations present in the 
polymer sample the more difficult it will be for the different chains to interact with 
neighbouring chains and to pack into well oriented crystalline domains. This study will take 
advantage of backbone twisting to prevent tight molecular packing and enhance solubility at 
the same time. The acylated and alkylated BTT units will be copolymerized with either 4,4'-
 
Figure 3.2: Energy-minimized structure (B3LYP/6-31G*) of methyl-substituted acylated 
BTT (COBTT) and alkylated BTT (BTT) with visualizations of the HOMO, respectively 
LUMO wave functions. 
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dihexyl-2,2'-bithiophene, which introduces a tail-to-tail (tt) or 5,5’ coupling between two 
adjacent thiophene rings, or with 3,3'-dihexyl-2,2'-bithiophene, causing a head-to-head (hh), 
respectively 2,2’ coupling between neighbouring thiophene units. 
At first glance, the synthesis of monomers 3.2 and 3.4 seems overly complicated, especially 
because polymers 3.5 and 3.6 could be synthesized directly via cross-coupling reactions with 
the corresponding distannylated or diborylated bithiophene. However the synthesis and 
purification of the 5, 5’-difunctionalized bithiophenes is rather tricky in this case because the 
α-positions are sterically hindered by the hexyl chains at the 4 and 4’ positions. The 
dibromination would be easy to realize at the 5, 5’ positions, unfortunately this would require 
the functionalization of the BTT monomers 2.11 and 2.13 at the 2, 8 positions. Because the 
purification of distannylated BTT monomer (discussed in Chapter 2 under point 2.3.2.1) 
proved very difficult and time consuming, the synthesis of the diborylated BTT derivative 
was envisaged. Electron-rich arylboronic esters however are known to deboronate rather 
easily under mild acidic conditions making their purification difficult and their use as 
monomer challenging.163 After balancing the arguments, the synthesis of monomers 3.2 and 
3.4 seemed the easiest and fastest way towards the final polymers. 
Both extended BTT derivatives 3.1 and 3.3 were obtained via Suzuki-Miyaura coupling of 
2.11, respectively 2.13, with 2-(3-hexylthiophene) boronic acid pinacol ester in very good 
 
Figure 3.3: Synthetic route towards the different BTT-co-dialkylbithiophene polymers. 
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yields. Bromination with N-bromosuccinimide yielded the final monomers 3.2 and 3.4 in 
excellent purity and high yield. 
3.2.2 Polymer Synthesis 
Polymers 3.5 and 3.6 were obtained by homopolymerization of monomers 3.2 and 3.4 
respectively.‡ The monomers were stannylated in situ by using hexamethylditin and 
tetrakis(triphenylphosphine)palladium (0) to yield polymers 3.5 and 3.6. Cuprous iodide was 
added to the reaction mixture in order to form the more reactive organocopper species in-situ, 
thus increasing the reaction rate.164 Polymers 3.7 and 3.8 were obtained by copolymerizing 
either 2.11 or 2.13 with (3,3'-dihexyl-2,2'-bithiophene-5,5'-diyl)bis(trimethylstannane) which 
is synthetically easier accessible than the 4,4’-dihexyl isomer. All polymers were end-capped 
with phenyl end-groups to ensure the removal of any reactive trimethyltin or bromide 
terminal groups, which have been shown to cause charge trapping in organic field effect 
transistors.165 After precipitation of the crude polymers into methanol, they were further 
purified via Soxhlet extraction. In a final step residual catalytic impurities were removed by 
washing a polymer solution with an aqueous solution of sodium diethyldithiocarbamate.126 
The tail-to-tail coupled polymers 3.5 and 3.6 are lacking steric hindrance along the polymer 
backbone; hence all the aromatic repeating units are in the same plane leading to strong π-
stacking interactions and strong aggregation in solution. In case of 3.5 the aggregation could 
not even be broken up in hot (140°C) 1,2,4-trichlorobenzene, which made the molecular 
weight determination via SEC impossible. All other extended BTT polymers were obtained 
in reasonable molecular weights as summarized in Table 3.1. Thermal gravimetric analysis 
revealed the excellent thermal stability of all polymers and thermal decomposition was only 
observed from 450°C on. 
Table 3.1: Molecular weights and thermal stability of the various extended BTT polymers. 
Polymer 
Mn
 [a] 
(kg/mol) 
Mw
 [a] 
(kg/mol) 
Dw
 [a] 
Td
 [b] 
(°C) 
3.5 N.A. N.A. N.A. 460 
3.6 18 26 1.4 450 
3.7 23 55 2.4 460 
3.8 44 58 1.3 470 
[a] Average molecular weight in number (Mn), in weight (Mw) and weight average dispersity Dw (Mw/Mn) as 
determined by SEC using narrow weight average dispersity (Dw < 1.10) polystyrene (PS) standards and 
chlorobenzene as eluent. [b] Decomposition temperature (5% weight loss) determined by thermal gravimetric 
analysis under nitrogen. 
3.2.3 Absorption and Fluorescence Spectroscopy 
The UV-vis. absorption spectra of all polymers in o-dichlorobenzene (oDCB) and in solid 
state are shown in Figure 3.4. The alkyl side chain arrangement on the polymer backbone 
plays a crucial role for aggregation, which in return will have an effect on the electronic 
                                                 
‡ Polymers 3.5 and 3.6 were synthesized by Dr Christian Nielsen. 
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transitions and absorption bands. Therefore it is not surprising that the various UV-vis. 
absorption spectra differ significantly in solution and solid state. The head-to-head coupling 
between adjacent thiophene rings in 3.7 and 3.8 introduces significant torsional twist into the 
polymer backbone, thus limiting the electron delocalization. The shorter conjugation length in 
3.7, respectively 3.8, causes a significant hypsochromic shift of around 50 nm compared to 
3.5 and 3.6. The introduction of large torsional angles into the conjugated backbone is usually 
undesirable, but in case of the extended BTT polymers it seemed acceptable given the 
challenging solubility of the tail-to-tail couple polymers. Both in solution and solid state, 3.8 
is the most blue-shifted polymer. In solid state the absorption peak is only slightly red shifted, 
but significantly broadened (~40 nm) compared to the solution spectrum (Table 3.2). The 
similarity of the solution and solid state spectra and the lack of vibronic features in the latter 
one are indicative that the 3.8 polymer does not have any tendency to order, which is 
reflected in the polymer’s excellent solubility and processability. 
Introducing a carbonyl group onto the BTT unit gives rise to a second absorption around 350 
nm and these both in solution and solid state absorption spectra. Upon closer investigation, it 
seems that the main absorption band around 500 nm shows some structural features towards 
lower energies, thus indicating that the introduction of the carbonyl group on the BTT unit 
enhances aggregation in solution. This hypothesis is further supported by considering the 
solution spectra of 3.7 and 3.8 recorded at different temperatures (Figure 3.5). 
Whereas the shape of the absorption band of 3.8 is barely affected by the increasing 
temperature, the peak of 3.7 sharpens significantly as a function of temperature and the 
structural features at lower energies disappear. Based on these results, it appears that the 
introduction of a carbonyl functional group in proximity to the BTT (3.7) core leads to 
stronger π-π stacking interactions compared to 3.8, this as a result of the extended conjugation 
involving the carbonyl π-orbitals. The more pronounced aggregation could be caused to some 
extent by the larger π-electron system in the COBTT unit. 
 
 
 
Figure 3.4: (left) UV-vis. absorption spectra of the various BTT copolymers in dilute o-DCB 
solution (3 mg/L) and (right) spin-coated from o-DCB solution (5 mg/mL) on glass substrate. 
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Table 3.2: Optical properties and energy levels of the different BTT copolymers. 
   PESA DFT 
Polymer 
λmax soln.
 [a] 
(nm) 
λmax film
 [b] 
(nm) 
HOMO / 
LUMO [c] 
(eV) 
HOMO / 
LUMO [d] 
(eV) 
3.5 509, 546, 597 359, 541, 583 -5.3 / -3.3 -5.0 / -2.8 
3.6 511, 559, 609 545, 592 -4.8 / -2.9 -4.8 / -2.5 
3.7 354, 462 360, 493 -5.4 / -3.3 -5.2 / -2.7 
3.8 453 467 -5.1 / -2.9 -5.0 / -2.4 
[a] Measured in dilute o-dichlorobenzene solution at room temperature. [b] Spin-coated from 5 mg/mL o-
dichlorobenzene solution on glass substrate. [c] The LUMO energy is estimated by adding the absorption onset to 
the HOMO which was measured by PESA. [d] Determined by TD-DFT on the energy-minimized tetramers 
(B3LYP/6-31G*), alkyl chains were substituted with ethyl groups. 
The absorption features of the tail-to-tail coupled BTT polymers 3.5 and 3.6 are 
fundamentally different and this because of the strong interchain interactions in solution and 
solid state. The specific side chain arrangement prevents backbone twisting and therefore 
allows exceptionally strong π-π interactions and molecular order, similar to poly-(2,5-bis(3-
alkylthiophene-2-yl)thieno[3,2-b]thiophene) (pBTTT).166 As a direct consequence of the 
strong aggregation, both tail-to-tail coupled polymers exhibit significantly lower solubility 
than 3.7 or 3.8 and can only be fully solubilised in hot 1,2,4-trichlorobenzene. The absorption 
bands of 3.5 and 3.6 are bathocromically shifted compared to 3.7 and 3.8, and this as a result 
of improved electron delocalization along the conjugated polymer backbone. Both in solution 
and solid state the absorption peaks of the tail-to-tail BTT polymers are dominated by various 
vibronic features. Furthermore the solid state absorption spectra of the polymers are barely 
red shifted compared to the solution spectra, which supports the idea of the presence of 
polymer aggregates in solution. To elucidate the absorption spectra of fully dissolved polymer 
chains, the absorption spectra were measured at different temperatures and the corresponding 
difference spectra are depicted in Figure 3.6. The well defined vibronic features observed in 
 
Figure 3.5: Temperature-dependant UV-vis. absorption spectra of 3.7 (left) and 3.8 (right) in 
dilute oDCB solution (3 mg/L). 
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the absorption band of 3.6 at 15°C are fading at higher temperature, revealing the 
hypsochromically shifted spectrum of the solvated polymer with a maximum around 470 nm. 
Similar to the head-to-head coupled counterparts, the aggregation seems to be more 
pronounced in case of the carbonyl containing polymer 3.5, because even at elevated 
temperatures the absorption band is dominated by multiple maxima originating from polymer 
chain aggregation. 
The importance of polymer chain aggregation becomes even more obvious by looking at the 
deconvoluted absorption bands in the absorption difference spectra in Figure 3.6. The 
difference spectra are used to deconvolute the absorption bands of polymer chains in solution 
(positive peaks) and polymer aggregates (negative peaks). For both polymers the low energy 
absorption bands (~550 nm and ~600 nm) attributed to polymer aggregates decrease with 
increasing temperature and new absorption bands from fully solvated polymer chains evolve 
around 450 nm. 
A similar complex behaviour is observed in the fluorescence spectra of the different polymers 
in solution and thin film (Figure 3.7). The fluorescence spectrum of 3.8 in solution is an 
image of the corresponding absorption spectrum. The fact that no additional features are 
observed in the fluorescence spectrum confirms the previously made assumption that the 
polymer is fully solvated and that no polymer aggregates are present in solution. However for 
the three remaining polymers this is not the case. Their fluorescence spectra are much more 
 
Figure 3.6: Temperature-dependant UV-vis. absorption spectra of 3.5 (A) and 3.6 (B) in 
dilute oDCB solution (3 mg/L) and the corresponding difference spectra of 3.5 (C), 
respectively 3.6 (D). 
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structured and show multiple maxima, which suggests that more than one species is present in 
the sample and that actually polymer aggregates and solvated chains are causing the emission 
at multiple wavelengths. The emission spectrum of 3.8 in the solid state is the most 
hypsochromically shifted and presents a moderately well resolved second maximum around 
650 nm. The fluorescence spectra of 3.7 in solution and solid state are significantly different. 
The peak observed in the solution spectrum at 558 nm is attributed to fully solvated polymer, 
whereas the more intense emission band 609 nm might originate from polymer chain 
aggregates. In solid state the intensities of the emission bands are reversed and the emission 
band of polymer aggregates at 602 nm is the more intense one. Both tail-to-tail coupled 
polymers (3.5 and 3.6) have very similar emission spectra, which is in agreement with the 
previously discussed absorption spectra. And like the absorption spectra, it has to be assumed 
that the measured emission bands originate nearly exclusively from polymer aggregates. This 
is further emphasized by the multitude of structural features observed in the solution spectra 
and by the presence of at least two emission bands in solid state which confirms the presence 
of different aggregated species. 
The positioning of the alkyl chains however does not only influence the absorption and 
fluorescence spectra of the polymers, but this structural feature can also be exploited to adjust 
the frontier energy levels (Figure 3.8). As previously mentioned, the head-to-head coupling 
causes a backbone twist, which reduces the effective conjugation length and increases the 
optical bandgap. The bandgap of 3.6 was estimated to be 1.9 eV, which is 0.3 eV smaller than 
the one of its backbone twisted counterpart 3.8. The introduction of electron withdrawing 
carbonyl groups onto the BTT unit lowers the LUMO energy levels of 3.5 and 3.7 by 0.4 eV 
compared to the alkyl substituted BTT polymers. Simultaneously the HOMO energy levels 
are lowered by a similar amount, so that the overall bandgaps of the polymers are barely 
affected (~2.0 eV). The frontier energy levels of the polymers were also calculated by DFT 
using the B3LYP hybrid functional and the 6-31G* basis set. In order to keep the 
computational efforts within a reasonable time frame, the calculations were performed on 
 
Figure 3.7: Photoluminescence spectra in dilute o-DCB solution (left) and thin film (right) of 
the different BTT polymers. The polymers were excited at their corresponding absorption 
maxima. 
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ethyl substituted tetramers. It is common practice to substitute long alkyl chains for shorter 
ones, usually methyl groups, during DFT calculations, because the effect of the solubilising 
alkyl chains on the electronic properties is often negligible. In case of the head-to-head, 
respectively tail-to-tail coupled BTT polymers the backbone planarity plays a crucial role for 
the energetic properties of the polymer. In order to simulate the steric hindrance between 
alkyl chains at reasonable computational costs, the alkyl chains on the polymer backbone 
were modelled by shorter ethyl chains. The calculated HOMO and LUMO values were 
slightly higher for all polymers, except for the HOMO of 3.6, where the calculated value 
matched the experimental one exactly. This outcome is not unexpected because the 
calculations would be far too time consuming if all physical interactions would be taken into 
account. First of all the calculations were performed on tetramers and not polymers and it is 
likely that the effective conjugation length is not yet reached in the tetramer. Furthermore the 
calculations are performed in vacuum and neglect all sort of potential long range interactions. 
Taking all these approximations into account, one should not expect the calculations to match 
the experimental values. Nevertheless quantum mechanical calculations are a powerful tool to 
model different systems and all calculated values for the BTT copolymers follow the same 
trend as the experimental ones. 
3.2.4 Aggregation Study by NMR Spectroscopy 
1H NMR spectroscopy is another powerful technique to investigate molecular dynamics in 
solution. 1H NMR spectroscopy probes the local electronic environment of hydrogen nuclei. 
This environment is not only influenced by the covalently bonded neighbouring nuclei, but 
also by longer range interactions such as aggregational mechanisms between polymer chains. 
To investigate the aggregation dynamics of the BTT polymers in solution, the NMR spectra 
of 3.6 and 3.8 were recorded in 1,1,2,2-tetrachloroethane-d2 at different temperatures and are 
shown in Figure 3.9: 1H-NMR spectra of 3.6 and 3.8 in deuterated 1,1,2,2-tetrachloroethane 
recorded at 70°C, 100°C and 130°C. 
 
Figure 3.8: Experimental and calculated frontier energy levels of the different BTT 
copolymers. 
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At lower temperatures neither the signals originating from aromatic protons nor the ones from 
alkyl protons on the polymers are fully resolved. The bad resolution and broad peaks are the 
result of additional electronic environments each proton is exposed to in the polymer 
aggregates. With increasing temperature the peak resolution improves because the interchain 
aggregation breaks up and the polymer chains are better solvated leaving the protons exposed 
to less different electronic environments. π-π stacking between polymer chains leads to 
shielding, respectively deshielding of the aromatic signals (~7 to 8 ppm) and with increasing 
temperature the reduction of polymer chain aggregation leads to a shift of the aromatic 
signals. It is interesting to note that the protons attributed to the alkyl chains at higher 
magnetic fields show a very similar behaviour. The increase in resolution of the alkyl signals 
at higher temperatures suggests that the alkyl chains are experiencing different electronic 
environments in the polymer aggregates because of increased order. At higher temperatures 
however the π-stacking interactions between the polymer backbones weaken, leading to better 
solvation of the alkyl chains, thus enhancing the resolution of those signals. 
 
 
Figure 3.9: 1H-NMR spectra of 3.6 and 3.8 in deuterated 1,1,2,2-tetrachloroethane recorded 
at 70°C, 100°C and 130°C. The samples have an approximate concentration of 5 mg/mL. 
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3.2.5 Density Functional Theory (DFT) Calculations 
Density functional theory calculations have emerged as a potent tool to investigate the wave 
functions of frontier energy levels, get an insight into solid state packing, respectively 
aggregation and to elucidate the sometimes complex absorption bands in UV-vis. absorption 
spectroscopy. First, the influence of the electron withdrawing carbonyl groups and the large 
backbone twist on the frontier orbital wave function distribution will be investigated. The 
energy minimizes ground state geometry of the tetramers was calculated using the B3LYP 
hybrid functional and the 6-31G* basis set. The HOMO and LUMO wave function 
distributions of 3.5 and 3.7 are shown in Figure 3.10: Graphical representation of the HOMO 
(bottom) and LUMO (top) of all BTT copolymers. Polymer 3.5 adopts a nearly perfect 
coplanar geometry with small torsional angles of around 6°. As a result hereof the HOMO 
and LUMO wave functions are fully delocalized along the full length of the polymer 
backbone. With regard to the blue shifted UV-vis. absorption spectra of 3.7, a significantly 
 
Figure 3.10: Graphical representation of the HOMO (bottom) and LUMO (top) of all BTT 
copolymers. 
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reduced conjugation pathway is expected, due to the large torsional angles introduced by the 
head-to-head coupled 3-hexyl thiophenes. The DFT calculations predict a torsional angle of 
roughly 70° between the different hexyl thiophene moieties. This significant backbone twist 
causes the wave functions to be delocalized over each repeating unit, but to be also 
significantly distorted around each head-to-head linkage. 
By comparing the LUMO wave function distribution of 3.5 to 3.7, it is noteworthy that 
LUMO distribution is stronger on the BTT core in case of 3.7. This is believed to be in 
relation with the heavily perturbated wave function distribution along the polymer backbone 
of 3.7. In case of 3.5 the LUMO distribution might actually be stronger on the BTT core, but 
because of the delocalized nature of the wave function it might simply be diluted on the BTT 
core in favour to spread over the length of the conjugated backbone. A very similar behaviour 
is observed for the wave function distributions of alkylated BTT polymers 3.6 and 3.8. Again 
the wave functions are fully delocalized in the case of 3.6, whereas they are significantly 
distorted in polymer 3.8. Interestingly, the backbone twist does not seem to have an influence 
on the wave function density on the BTT core in case of 3.6 and 3.8. This observation might 
be in relation with the lack of carbonyl groups next to the BTT ring system, which has been 
shown previously to influence the electron distribution in the π-conjugated BTT system. 
3.2.6 Molecular Packing 
The molecular packing was first investigated by differential scanning calorimetry (DSC). 
Despite the intense aggregation observed for the various BTT copolymers in the UV-vis. 
absorption and NMR studies, the DSC measurements revealed only minor signs of 
crystallinity (Figure 3.11). For the head-to-head coupled polymers no events were observable 
by DSC. The absence of transitions was anticipated because the large backbone twist in the 
polymer chains should prevent close solid state packing and the polymers are expected to be 
rather amorphous. The tail-to-tail coupled polymers with their planar backbones should pack 
closely in solid state, favoured by intense π-π interactions. 
For 3.5 no intense transitions were observed in the temperature range from 0 to 350°C. A 
very weak exothermic event (0.3 J/g) was measured at 305°C, which is possibly related to a 
weak polymer main chain melt. An intense melt with an associated enthalpy of 21.3 J/g is 
observed at around 270°C for polymer 3.6. The polymer solidifies again during the cooling 
cycle at 300°C, however the associated enthalpy is much lower with only 8.3 J/g. Polymer 
solidification is heavily dependent on chain dynamics and kinetics, thus making it possible to 
trap polymers in solid states that do not correspond to their thermodynamic minimum, but 
rather to a kinetic minimum. This kinetic dependence explains the difference between the 
enthalpies observed for the melt and the crystallisation event. The cooling rate might simply 
be too fast to allow the polymer to crystallize in its lowest energetic configuration and instead 
it is trapped in a kinetic glassy state. In the second heating cycle polymer 3.6 melts at around 
260°C with a significantly lower enthalpy of fusion of around 9.2 J/g, which is comparable to 
the previously observed enthalpy of crystallization of 8.3 J/g. These results clearly indicate 
that after the initial melt, the polymer is solidifying into a different solid structure, which in 
return is reproducible during a series of consecutive DSC runs on the same sample. The DSC 
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curves of both head-to-head coupled polymers (3.7 and 3.8) are featureless, suggesting the 
absence of molecular order in the samples. One has to be careful though when drawing 
conclusions from featureless DSC curves. For example for polymer samples, the shape of the 
DSC curves can depend on the sample preparation. Polymers are often fibrous solids and it is 
difficult to homogenously cover the bottom of the sample pan, which in return will lead to 
artefacts or absence of peaks in the DSC traces. One way to avoid this issue is to focus on the 
second heating cycle because once the sample was melted it should cover the entire area of 
the sample pan and give more reproducible results. However, as previously discussed, the 
thermal transitions in a polymer sample depend strongly on the intrinsic kinetics of the 
sample and on external parameters such as scan rates. Therefore the first heating cycle should 
never be totally ignored because it could contain important data, which will not be present in 
subsequent scans anymore. To properly analyse a DSC curve and to extract the most out of it, 
other techniques like X-ray spectroscopy should be used complementary to the DSC 
measurements.  
The molecular packing of the different BTT polymers was further investigated by grazing-
incidence X-ray diffraction (GIXD) studies and the 2D images are presented in Figure 3.12. 
Both tail-to-tail coupled polymers show intense scattering in the out-of-plane direction. Two 
 
Figure 3.11: DSC curves of 3.5 (A), 3.6 (C), 3.7 (B) and 3.8 (D). Heating cycles are shown 
in red and cooling cycles in blue. Exothermic events are negative peaks and endothermic 
events are shown by positive peaks. 
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orders of (h00) scatterings are observed in the as-cast film of 3.5. Upon annealing the 
scattering intensity increases, but the lamellar sheets remain poorly aligned with respect to the 
substrate as evidenced by the observed arching. The crystallites of 3.6 are much more 
oriented both in the out-of-plane and in-plan direction. Upon thermal annealing the out-of-
plane scattering intensifies, whereas the in-plane scattering sharpens. 3.6 adopts a highly 
ordered lamellar packing with short π-π stacking distances, similar to pBTTT. Edge-on 
lamellar packing has been reported in the past to be favourable for charge transport because 
the mobile charges are not bound to one polymer chain, but can hop to neighbouring chains 
because of short π-stacking distances, thus allowing two dimensional charge transport.167 The 
more intense scattering of 3.6 is in excellent agreement with the DSC measurements and 
confirms the more semi-crystalline nature of 3.6 compared to 3.5.  
For both head-to-head coupled BTT polymers (3.7 and 3.8) a significantly weaker scattering 
was observed, confirming the hypothesis previously made that both polymers are amorphous. 
Weak oriented scattering is observed for both polymers around the location for face on 
crystallites, but otherwise no scattering suggesting a lamellar like packing is evidenced. 
3.2.7 Charge Transport Properties 
The potential of the new BTT polymers as hole transporting materials was evaluated in 
organic field effect transistors. In a first attempt bottom gate – bottom contact (BGBC) 
devices on hexamethyldisilazane (HMDS) treated SiO2 substrates with gold electrodes were 
fabricated. Due to the limited solubility of the highly aggregating tail-to-tail polymers, the 
semiconducting polymers were processed from 1,2,4-Trichlorobenzene (TCB) and 
subsequently annealed at elevated temperatures. In Figure 3.13, the saturated hole mobilities 
are plotted as a function of annealing temperatures. The mobilities were maximized at an 
annealing temperature of 175°C. In case of the BTT polymers, thermal annealing is important 
for two reasons. First, the polymers are processed from high boiling TCB (b.p. = 214.4°C), 
which has to be completely removed from the thin films before operation. Secondly, 
according to the GIXD measurements, the film crystallinity can be significantly increased by 
 
Figure 3.12: GIXD detector images of the various BTT polymers. Thin-films were spin-
coated from o-DCB solution (5 mg/mL) on Si/SiO substrates. (Top row) as-cast thin films and 
(Bottom row) after annealing at 200°C for 10 minutes. 
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thermal annealing and in general a more ordered film often yields higher charge carrier 
mobilities. 
 
Table 3.3: OFET device (BGBC, HMDS treated SiO2 substrate) characteristics of the 
different BTT copolymers. 
Polymer 
µsat 
(cm2/Vs) 
VT 
(V) 
Ion/Ioff 
3.5 0.01 -8.9 ~106 
3.6 0.04 -0.5 ~107 
3.7 1.2 x 10-3 -12 ~104 
3.8 1.6 x 10-5 -17 ~103 
 
The transfer curves and output characteristics of all BTT polymers in BGBC devices are 
shown in Figure 3.14 and summarized in Table 3.3. Polymer 3.6 showed the highest hole 
mobility (0.04 cm2/Vs) in BGBC devices with remarkably low threshold voltages of -0.5 V 
and minor hysteresis. The hole mobility of 3.5 was only marginally lower with 0.01 cm²/Vs, 
but the threshold voltage increased to -8.6 V. The increase in threshold voltage is likely to be 
linked to the extremely high tendency of 3.5 to aggregate, which made it extremely difficult 
to process homogenous and continuous films. For both head-to-head coupled polymers (3.7 
and 3.8) the charge carrier mobility dropped significantly by several orders of magnitude. 
According to the output characteristics in Figure 3.14, it appears that the BGBC devices are 
slightly injection limited. 
 
 
 
 
 
Figure 3.13: Graphical representation of the saturated hole mobility as a function of 
annealing temperature. 
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Therefore another set of BGBC devices was fabricated using octadecyltrichlorosilane (OTS) 
treated SiO2 substrates with gold electrodes. The work function of the gold was lowered by 
applying a pentafluorobenzene thiol (PFBT) monolayer prior to the deposition of the 
semiconducting polymer. The transfer curves of all BTT polymers in BGBC devices with 
PFBT treated electrodes are depicted in Figure 3.15 and summarized in Table 3.4. The PFBT 
treatment improved charge injection and at the same time the hole mobilities remained nearly 
unchanged. The carrier mobility of 3.6 improved slightly to 0.09 cm²/Vs, whereas the one of 
 
Figure 3.14: Transfer curves and output characteristics of the various BTT copolymers in 
BGBC devices with HMDS treated SiO2 substrates, annealed at 175°C. 
 
Figure 3.15: Transfer curves of the various BTT copolymers in BGBC devices on 200 nm 
OTS treated SiO2 substrates with PFBT treated Gold electrodes, annealed at 175°C. 
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3.5 was barely affected (~0.02 cm²/Vs). Unfortunately, the hole mobilities of 3.7 and 3.8 
could not be improved and remained several orders of magnitude lower than the mobilities 
measured for both tail-to-tail coupled polymers. Besides the subtle changes in carrier 
mobility, the threshold voltages increase significantly on the OTS treated dielectric. The 
threshold increase is likely to be related to the very inhomogeneous film morphology and the 
introduction of additional traps at the semiconductor-dielectric interface. 
Table 3.4: OFET device characteristics of the various BTT copolymers in BGBC devices on 
OTS treated SiO2 substrates and PFBT treated gold electrodes. For each polymer at least 5 
different devices were tested. 
Polymer 
µsat minimum 
(cm2/Vs) 
µsat median 
(cm2/Vs) 
µsat maximum 
(cm2/Vs) 
VT 
(V) 
3.5 0.04 0.09 0.11 -6.8 
3.6 7.8 x 10
-3 0.02 0.03 -23.6 
3.7 5.9 x 10
-4 9.5 x 10-4 1.5 x 10-3 -29.8 
3.8 2.7 x 10
-6 2.2 x 10-5 5.3 x 10-5 -26.1 
In an attempt to reduce the hysteresis, top gate – bottom contact (TGBC) devices were 
prepared using commercially available CYTOP, a fluoropolymer, as dielectric and aluminium 
as gate electrode. When preparing TGBC devices, it is important to ensure that the dielectric 
layer can be solution processed on top of the semiconducting polymer without dissolving or 
swelling the underlayer. CYTOP has the advantage that it is processed from a fluorinated, 
orthogonal solvent, which does not alter the underlying semiconducting layer during 
deposition, thus making it a popular dielectric material. 
The new device architecture allowed reducing the hysteresis, but at the same time the 
threshold voltages increased (Figure 3.16 and Table 3.5). The tail-to-tail coupled polymers 
are difficult to process because of limited solubility and the head-to-head coupled ones 
showed a slight tendency of dewetting. By taking those factors into account, it is likely that 
the polymer films are not of as high quality as necessary for TGBC devices. In addition the 
polymers are processed form high boiling TCB, which is difficult to evacuate from the 
semiconducting layer and residual solvent residual solvent could easily be trapped at the 
semiconductor – dielectric interface, thus introducing traps, leading to the higher threshold 
voltages. Overall, the new device configuration did not allow increasing the charge carrier 
mobilities, in contrast the high hole mobilities of 3.5 and 3.6 decreased by one order of 
magnitude compared to the BGBC devices. The hole mobilities of 3.7 and 3.8 were again 
barely affected by the architectural changes and remained more or less unchanged around 10-4 
cm2/Vs. 
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Table 3.5: OFET device characteristics of the various BTT copolymers using the TGBC 
devices architecture. 
Polymer 
µsat 
(cm2/Vs) 
VT 
(V) 
Ion/Ioff 
3.5 8.2E-03 -63.0 ~104 
3.6 3.5E-03 -51.7 ~103 
3.7 8.2E-04 -70.6 ~103 
3.8 4.0E-04 -38.3 ~102 
Another aim of this work was to increase the device lifetimes and stability under ambient 
operating conditions by introducing the electron withdrawing carbonyl groups onto the BTT 
core. To verify the effectiveness of this approach both the BGBC and TGBC devices were 
removed from the nitrogen filled glovebox and exposed to ambient atmosphere (Figure 3.17). 
The BGBC devices did show stable hole mobilities under ambient operating conditions and 
no significant deterioration was observed. Only after a thousand minutes of exposure to 
oxygen, the hole mobility of 3.7 started to decrease slightly. In case of the TG-BC devices, 
the hole mobility drops during the first thousand minutes of exposure to recover and return to 
initial hole mobilities the longer the devices are exposed to atmospheric conditions. This 
 
Figure 3.16: Transfer curves and output characteristics of the various BTT copolymers in 
TGBC devices on glass substrate, PFBT treated gold electrodes, CYTOP dielectric and 
aluminium gate electrode, annealed at 175°C. 
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behaviour seems a bit odd at the beginning, but the observed differences are still well within 
the limits of the experimental errors and no reduction in saturated hole mobilities was 
observed over a period of 15’000 minutes (± 10 days). 
The synthesized BTT based polymers showed exceptional ambient stability, but due to their 
sometimes challenging processing conditions, these novel polymers are of limited use as high 
performing solution processable semiconductors. Therefore the synthesis of more soluble 
BTT copolymers was attempted by using BTT monomer 2.19 with the branched alkyl side 
chain. 
3.3 BTT Based Polythiophenes 
3.3.1 Polymer Synthesis 
Even though the new BTT based polymers will be synthesized with the aim of being more 
soluble, the molecular packing cannot be neglected because it has been proven to be of 
utmost importance for BTT polymers to achieve high carrier mobilities. For this reason 
highly ordered and easily soluble polythiophenes, such as poly(3,3′′′-dialkyl-quaterthiophene) 
(PQT) or poly-(2,5-bis(3-alkylthiophene-2-yl)thieno[3,2-b]thiophene) (pBTTT), were 
modelled.166, 168 The coplanar BTT unit 2.19 was copolymerized with thiophene (T), 2,2'-
bithiophene (2T) and thieno[3,2-b]thiophene (TT) via Stille cross-coupling under microwave 
heating conditions, using trimethyltin-functionalized comonomers, Pd(PPh3)4 as catalyst and 
chlorobenzene as solvent (Figure 3.18). 
The crude polymers were precipitated from the microwave vial into well stirred acidic 
methanol and further purified by Soxhlet extraction with acetone, cyclohexane and 
chloroform. Polymers 3.9 and 3.11 were recovered from the Soxhlet thimbles with 
chlorobenzene and palladium residues were removed via chelation with sodium 
diethyldithiocarbamate. Polymer 3.10 was poorly soluble and could only be partially 
dissolved in boiling oDCB, which made it impossible to treat a polymeric solution with an 
aqueous solution of sodium diethyldithiocarbamate to remove remaining catalytic impurities.  
 
Figure 3.17: Ambient stability of BGBC (Left) and TGBC (Right) devices; negative x values 
refer to saturated hole mobilities tested under nitrogen atmosphere. 
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The polymers solubility was also reflected in the molecular weights achieved (Table 2.2). 
The lowest molecular weights (Mn = 3.2 kg/mol and Mw = 4.1 kg/mol) were achieved for 
polymer 3.10 and this most likely as a result of its poor solubility because once a certain 
molecular weight was achieved, the oligomers precipitated out of solution, preventing any 
further chain growth. A similar problem was observed with 3.11 (Mn = 6.2 kg/mol and Mw = 
13.1 kg/mol). This time the polymer did not precipitate out of solution, but the reaction 
medium gelled as a result of the polymers strong tendency to aggregate, making further chain 
growth very difficult because the reaction dynamics are entirely governed by diffusion after 
the reaction medium started forming a highly viscous gel. Every attempt to use a more dilute 
reaction medium to prevent the gelling and favour the formation of higher molecular weight 
polymer resulted in the formation of insoluble material. The thiophene containing polymer 
3.9 showed excellent solubility and as a result was also obtained with the highest degree of 
polymerization (DPn). 
Table 3.6: Molecular weights of the different BTT based polythiophenes. 
Polymer 
Fraction 
Mn 
[a] 
(kg/mol) 
Mw
 [a] 
(kg/mol) 
Dw
 [a] DPn
 [b] 
3.9 17 48 2.8 28 
3.10 3.2 4.1 1.3 5 
3.11 6.2 13.1 2.1 10 
[a] Average molecular weight in number (Mn), in weight (Mw) and weight average dispersity Dw (Mw/Mn) as 
determined by SEC using narrow weight average dispersity (Dw < 1.10) polystyrene (PS) standards and 
chlorobenzene as eluent. [b] The degree of polymerization (DPn) is defined in this case as the number of 
repeating units. 
 
Figure 3.18: Synthetic pathway towards the BTT based polythiophenes. 
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Interestingly, structurally very similar polymers showed extremely different aggregational 
behaviour. Therefore the minimum energy conformations of tetramers were calculated with 
Gaussian at the B3LYP/6-31G* level (Figure 3.19). The calculations revealed a couple of 
striking differences between the different BTT based polythiophenes, each of which will 
contribute to a different degree to the polymer’s solubility. First there are the different 
backbone conformations. 3.9 has a curved backbone with all the solubilising alkyl chains 
facing the same side of the backbone. This geometry has been described as beneficial for both 
solubility and charge transport because it favours π-stacking on the one side and at the same 
time the less structured polymer backbone increases solubility.161 In contrast, 3.10 has a 
nearly linear backbone with adjacent alkyl groups on opposite sides of the backbone, 
allowing for very strong π-π interactions, thus explaining the much lower solubility compared 
to the other two polymers.169 The backbone of 3.11 is orients in a planar zig-zag 
conformation, preserving long range linearity. Again this highly ordered backbone will favour 
solid-state packing and diminish the polymers solubility. 
Another structural difference between the BTT polymers is the side chain density along the 
backbone. With increasing monomer size from T to TT to 2T, the intra-chain separation of 
the alkyl bearing BTT units increases, leading to a decrease of polymer solubility. For 3.9, 
there is one alkyl chain per 12 Å, whereby for 3.10 is only one per 16 Å and for 3.11 one 
alkyl chain every 15 Å. Those numbers might not represent the actual alkyl chain densities in 
 
Figure 3.19: Minimum-energy conformations of tetramers of 3.9 (top), 3.10 (middle) and 
3.11 (bottom) optimized with Gaussian at the B3LYP/6-31G* level. The different backbone 
geometries are highlighted by blue bands. 
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the polymers because it is unlikely that the polymer chains will be perfectly stretched and 
aligned, but the modelled side chain densities are useful in explaining the very different 
solubilities observed for structurally similar polymers. 
3.3.2 Optical Properties 
The UV-vis. absorption spectra of all three polymers in oDCB solution and drop casted from 
oDCB on glass substrate are shown in Figure 3.20 and summarized in Table 3.7. Because of 
the poor solubility of 3.10, the polymer films could not be spin-coated and were drop-casted 
on glass substrates instead for comparison reasons. All three polymers present very distinctive 
absorption features in solution. The absorption maximum of polymer 3.10 is blue shifted by 
approximately 70 nm compared to 3.9 and 3.11 and does not show any distinctive peaks. The 
low molecular weight and the higher flexibility of the polymer backbone of 3.10 could be the 
reasons why its absorption spectrum is so different. Because of the low molecular weight, the 
polymer might not yet have attained the full conjugation length, thus blue shifting the 
absorption spectrum. In addition the polymer chain of 3.10 is more flexible, which could 
prevent aggregation in solution and favour backbone twisting, thus causing a hypsochromic 
shift. Polymer 3.9 has two well defined absorption maxima and is the most red shifted of all 
absorption spectra. 3.11 has a very similar absorption band with a maximum at 524 nm and a 
second poorly resolved peak at 558 nm. 
In solid state, all three polymers exhibit very similar absorption bands between 450 and 600 
nm with low wavelengths shoulders and two well resolved absorption maxima. The 
absorption peak of 3.9 in solid state is identical to the absorption spectrum in solution, which 
could be a sign of strong aggregation in solution. The solid state absorption spectrum of 3.10 
is considerably red-shifted and shows two distinctive absorption maxima at 528, respectively 
566. The solid state absorption spectrum of 3.11 is not shifted compared to the corresponding 
solution one, but the previously observed low energy shoulder transformed into a second 
well-resolved absorption peak at 564 nm. 
 
Figure 3.20: Normalized UV-vis. absorption spectra of 3.9, 3.10 and 3.11 in oDCB solution 
(left) and thin films (right), drop-casted from oDCB on glass substrate. 
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Table 3.7: Optical properties and energy levels of the different BTT based polythiophenes. 
   PESA DFT 
Polymer 
λmax soln.
 [a] 
(nm) 
λmax film
 [b] 
(nm) 
HOMO / 
LUMO [c] 
(eV) 
HOMO / 
LUMO [d] 
(eV) 
3.9 528, 571 528, 572 -5.1 / -3.0 -4.8 / -2.6 
3.10 498 528, 566 -5.1 / -3.1 -4.8 / -2.7 
3.11 524, 558 522, 564 -5.0 / -2.9 -4.8 / -2.7 
[a] Measured in dilute o-dichlorobenzene solution. [b] Spin-coated from o-dichlorobenzene solution on glass 
substrate. [c] The LUMO energy is estimated by adding the absorption onset to the HOMO which was measured 
by PESA. [d] Determined by TD-DFT on the energy-minimized tetramers (B3LYP/6-31G*), alkyl chains were 
substituted with ethyl groups. 
After polymer aggregation was evidenced in the solution UV-vis. spectra, a temperature 
dependent UV-vis. absorption study was conducted. For all polymers the absorption spectra 
were recorded at different temperatures to probe if the polymer aggregates can be solvated at 
higher temperatures (Figure 3.21). All temperature-dependant UV-vis. absorption spectra 
change upon heating. In all spectra the lower energy peaks, respectively shoulders disappear 
with increasing temperature, thus confirming that the recorded absorption spectra are actually 
the spectra of polymer chain aggregates. The smallest changes are observed for 3.10, which is 
not surprising because the polymer was not expected to undergo strong aggregation because 
of the low molecular weight and the flexible backbone. The difference spectra reveal clear 
isosbestic points for all polymers, thus further supporting the hypothesis of important polymer 
aggregation in solution. The positive peaks represent the absorption bands of well solvated 
polymer chains and the more structured negative absorption bands are ascribed to polymer 
aggregates. 3.9 is undergoing the most important aggregation and this most likely as a 
consequence of the much higher molecular weight. 
Determining the optical bandgaps and the frontier energy levels of the BTT based 
polythiophenes is not trivial because the strong aggregation implies that the thin-film 
morphology of these materials can vary greatly with processing conditions (choice of casting 
technique, solvent, temperature and concentration). As the morphology can affect both PESA 
and UV-vis. measurements, the values obtained for the frontier-orbital energy levels must be 
regarded as estimated values (Table 3.7). The optical bandgaps of all polymers were 
estimated to be around 2 eV with HOMO energy levels of -5.1 eV for 3.9 and 3.10. The more 
electron rich thieno[3,2-b]thiophene raises the HOMO of 3.11 marginally by 0.1 eV. 
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The quantum mechanical calculations predicted bandgaps of around 2 eV, which is in 
excellent agreement with the experimental values. The calculations predicted very small 
torsional angles (< 0.04°) between the different aromatic building blocks, resulting in fully 
delocalized HOMO and LUMO wave functions along the conjugated backbone (Figure 
3.22), which should allow efficient charge transport. The HOMO wave functions are mainly 
aromatic in nature, whereas the LUMOs are predominantly of quinoidal character. 
 
 
 
Figure 3.21: Temperature-dependant UV-vis. absorption spectra (left column) and the 
corresponding difference spectra (right column) of 3.9 (top), 3.10 (middle) and 3.11 (bottom) 
in dilute oDCB solution. 
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3.3.3 Thin Film Morphology 
In a next step the thin film morphology of the polymers was investigated. Polymer 3.10 
proved extremely difficult to process and no concentrated polymer solutions could be 
prepared. In case the polymers were spin-coated from oDCB, the films were not homogenous 
and contained significant amounts of solid particles from insoluble polymer. Therefore 
polymer 3.10 was excluded from the morphology study and the subsequent device testing 
because it was not possible to solution process the material properly and to obtain 
reproducible results. The more soluble polymers 3.9 and 3.11 were processed from 
chlorobenzene solution and homogenous polymer films were obtained. 
 
Figure 3.22: HOMO (right column) and LUMO (left column) distributions for the minimum-
energy conformation of tetramer of 3.9 (top), 3.10 (middle) and 3.11 (bottom) optimized with 
Gaussian at the B3LYP/6-31G* level. 
 
Figure 3.23: UV-vis. absorption spectra of pristine and thermally annealed thin films of 3.9 
(left) and 3.11 (right). 
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The polymers thermal stability was investigated by thermal gravimetric analysis (TGA) and 
both polymers (3.9 and 3.11) showed exceptional thermal stability and did not decompose 
before 370°C, respectively 390°C. Differential scanning calorimetry (DSC) showed no 
thermal transitions for neither of the two polymers. UV-vis. studies previously revealed the 
importance of aggregation in the BTT based polythiophenes and was employed once more to 
investigate the effect of thermal annealing on the optical properties (Figure 3.23). Annealing 
the 3.9 film for 10 minutes at 100°C fundamentally changed the absorption spectrum. The 
shorter wavelength peak increases in intensity relative to the longer wavelength one. 
Simultaneously, the entire absorption band broadens towards the higher energies. Those 
effects are further amplified after annealing the film at 200°C. In case of 3.11, barely any 
effect is observed after annealing the film at 100°C, but after thermal annealing at 200°C, the 
absorption spectrum blue-shifts and the higher energy peak increases, whilst the lower energy 
one decreases and bears more resemblance to a shoulder than a distinct peak. The 
hypsochromic shifts at first indicate a decrease in effective conjugation length. However this 
behaviour has been previously observed for highly aggregating polymers and the formation of 
favourable H-aggregates, due to strong intermolecular interactions, cannot be excluded.150, 170 
The bulk morphologies of the polymers were further investigated by using X-ray diffraction 
spectroscopy on polymer films drop-casted on silicon substrates. The different diffractograms 
are shown in Figure 3.24. Both polymers showed first and second order reflections and the 
peak intensities increased slightly upon annealing at 200°C. The lamellar stacking distance of 
3.9 shortened by 1 Å to 22 Å upon high temperature annealing, whereas the lamellar packing 
of 3.11 increased from 20 Å to 22 Å during the 200°C annealing step. Distinct diffraction 
peaks related to - stacking could not be identified for either polymer, which could be 
explained by the existence of H-aggregates as discussed above or a preferential orientation of 
the -stacks perpendicular to the incident X-ray beam. 
 
Figure 3.24: X-ray diffraction patterns of drop-casted films of 3.9 (left) and 3.11 (right) on 
Si/SiO2 substrates annealed at 100°C (blue) and 200°C (red) for 10 minutes under nitrogen 
atmosphere. 
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3.3.4 Organic Field Effect Transistors 
The BTT based polythiophenes were tested in bottom gate – top contact (BGTC) transistor 
devices. The semiconducting polymer layer was spin-coated from chlorobenzene onto 
octadecyltrichlorosilane (OTS) treated Si/SiO2 substrates before the gold source and drain 
electrodes were deposited on top by thermal evaporation. Initially the devices were annealed 
at 100°C during 10 minutes, but the obtained hole mobilities were rather low (≤ 0.01 cm²/Vs) 
as detailed in Table 3.8. Based on the previous morphological studies, additional annealing 
was carried out at 200°C for 10 minutes and a significant increase in mobility was observed. 
Table 3.8: OFET device characteristics of the various BTT copolymers using the BGTC 
device architecture. 
Polymer 
Annealing 
Temperature 
(°C) 
µsat 
(cm2/Vs) 
VT 
(V) 
Ion/Ioff 
3.9 100 0.05 -20.0 ~102 
 200 0.22 -28.7 ~105 
3.11 100 0.01 -10.0 ~101 
 200 0.02 -17.8 ~104 
 
 
Figure 3.25: Transfer (left) and output (right) characteristics of OFET devices of 3.9 (top) 
and 3.11 (bottom) spin-coated from chlorobenzene (5 mg/mL) and annealed at 200°C for 10 
min (L = 50 m, W = 1.0 mm). 
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The hole mobility of 3.9 increased from 0.05 cm²/Vs to 0.22 cm²/Vs, whereas the mobility of 
3.11 remained one order of magnitude lower at 0.02 cm²/Vs. It is speculated that the three 
fold lower molecular weight of 3.11 is mainly responsible for the low hole mobilities. 
Nevertheless the mobility is fairly high for such low molecular weight oligomers, thus 
highlighting the potential of 3.11 in case the difficulties encountered with solubility and 
processability can be overcome by side chain optimization. The transfer curves of 3.9 and 
3.11 only showed minor hysteresis and the output characteristics small contact resistance at 
low operating voltages (Figure 3.25). Again the non-linearity observed was more important 
in case of 3.11, which could be in relation with the challenging solubility leading to more 
disordered films or poorer contacts with the electrodes. 
In the aforementioned XRD studies, both polymers showed evidence of semi-crystallinity. 
However upon annealing at 200°C, the lamellar stacking distance of 3.9 decreased, allowing 
the polymer chains to pack tighter, which is in good agreement with the observed mobility 
increase. The diffraction pattern of 3.11 on the other hand only changed marginally and so did 
the hole mobilities upon thermal annealing. To further elucidate the relationship between film 
morphology and carrier mobility, the semiconducting films were investigated by polarized 
optical microscopy (POM) and atomic force microscopy (AFM). The POM images of both 
polymer thin films are depicted in Figure 3.26. The birefringence in polymer 3.11 is much 
higher than for polymer 3.9 indicating the presence of various ordered and crystalline 
domains. This assumption is further supported by the AFM images shown in Figure 3.27. 
Whereas the films of 3.9 are fairly homogenous with a root mean squared (RMS) roughness 
of around 2 nm for both annealed films, the 3.11 films present a more granular structure with 
a RMS roughness of 4 nm for both films. This is not unexpected and similar observations 
have been made previously for low molecular weight poly(3-hexylthiophene) (P3HT).21 The 
low molecular weight polymer films might show a higher degree of microscopic crystallinity, 
but are lacking inter-grain coherence and connectivity, limiting charge transport on a 
macroscopic level because of the multitude of grain boundaries formed between the different 
crystallites. Because grain boundaries can be responsible for charge trapping, the trap 
densities were estimated from the sub-threshold voltages of both devices in  
 
Figure 3.26: Polarized optical microscopy images (50x magnification, reflection mode) for 
3.9 (left) and 3.11 (right). 
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Figure 3.25.171, 172 As anticipated the trap density is higher for polymer 3.11 (5.0 (± 0.4) x 
1012 cm-2 eV-1) than for polymer 3.9 (1.6 (± 0.3) x 1012 cm-2 eV-1) which supports the 
assumption of more grain boundaries acting as charge traps. 
3.4 Conclusion 
The previously developed BTT monomers 2.11, 2.13 and 2.19 were successfully introduced 
into semiconducting polymers, specifically designed for transistor applications. The choice of 
BTT monomer was not only important to ensure the solubility of the polymers, but could also 
be used to adjust the frontier energy levels by using either the electron donating alkyl chains 
or the electron withdrawing acyl chain on the BTT core. 
Copolymerising the BTT unit with dialkylbithiophene proved to be an interesting concept, 
whereby the positioning of the alkyl chains on the 2,2’-bithiophene monomer could be used 
to tune the polymers solubility and to trigger strong π-π stacking interactions. The 
aggregational behaviour of these BTT-co-dialkylbithiophene polymers was extensively 
studied by UV-vis. absorption and NMR spectroscopy, revealing the importance of the alkyl 
 
Figure 3.27: Close-contact AFM topography images (2.0  2.0 µm) of spin-casted and 
annealed films of 3.9 (top) and 3.11 (bottom). 
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chain placement along the polymer backbone. OFET devices fabricated with the highly 
aggregating polymer 3.5 exhibited good hole mobilities of 0.1 cm²/Vs, whereas the more 
amorphous polymers showed significantly lower charge carrier mobilities due to the lack of 
macromolecular order in solid state. 
The more soluble BTT monomer 2.19 was copolymerized with different thiophene 
derivatives. The choice of comonomer plays an important role in determining the backbone 
conformation, the interchain interactions and the polymer solubility. Overall the polymers 
showed superior solubility, making the device processing easier and more reproducible. High 
hole mobilities of 0.22 cm²/Vs were achieved with polymer 3.9, and even the lower molecular 
weight polymer 3.11 showed great promise with hole mobilities of 0.02 cm²/Vs in BGTC 
transistor devices. 
The achieved hole mobilities are even more remarkable when considering the regiorandom 
nature of the BTT monomer, highlighting the potential of this fused building block in 
semiconducting polymers for transistor applications. In the future, further optimization of 
polymer solubility, intermolecular packing and molecular weights is likely to result in even 
higher charge carrier mobilities.  
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Science is simply common sense at its best, 
that is, rigidly accurate in observation, 
and merciless to fallacy in logic. 
Thomas H. Huxley (1825 – 1895) 
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4.1 Introduction 
Poly(3-hexylthiophene) (P3HT) is the most studied semiconducting polymer because of its 
facile synthesis and reasonably high device performances with hole mobilities of 0.2 cm²/Vs 
in field effect transistors and power conversion efficiencies of 6.5% in bulk heterojunction 
solar cells.173, 174 However, P3HT is a very flexible polymer with high energetic disorder if 
not processed properly, which in return is detrimental for device performance.175-178 Planar 
conjugated building blocks have been successfully introduced into conjugated polymers in 
order to stiffen the polymer backbone and to minimize the conformational disorder, thus 
promoting highly ordered microstructures.179 The incorporation of extended π-conjugated 
ladder type monomers (e.g. CPDT, DTP, etc.) into the polymer backbone lowers the 
reorganizational energy of the system and prevents chain folding, whilst favouring π-π 
interactions, which has been shown to lead to improved in-plane charge transport (Figure 
4.1).180, 181 Besides the improved charge transport, fused monomers are of interest to be 
incorporated into donor-acceptor polymers for photovoltaic applications because the 
enhanced coplanarity of repeat units leads to improved conjugation length, resulting in higher 
short-circuit currents (JSC) due to improved long wavelength photon absorption. 
The indacenodithiophene (IDT) donor has been specifically designed to reduce rotational 
disorder within the polymer chain and to increase the polymer’s persistence length (Figure 
4.1).182-184 The central phenylene is flanked by two thiophene rings and the aromatic rings are 
bridged via sp3 hybridized carbon atoms to fix the coplanarity. The IDT unit is extremely 
versatile because of the sp3 hybridized bridging atom, which can be used to attach different 
alkyl chains to alter the solubility and the solid state packing.185 This flexibility has been 
successfully exploited in the past to specifically tune IDT polymers for certain applications. 
IDT based polymers with linear hexadecyl alkyl chains achieved very high hole mobilities 
(3.6 cm²/Vs) in organic field effect transistors without the need of high temperature thermal 
annealing.186, 187 By substituting the long hexadecyl alkyl chains for bulkier 4-hexylphenyl 
side chains, the blend morphology of IDT polymers and fullerenes could be significantly 
improved leading to high photocurrent densities (11.2 mA/cm²) and power conversion 
efficiencies of 6.4%.188, 189 
The bridging atom however cannot only be used to attach solubilising alkyl side chains to the 
IDT unit, but the very nature of the bridging atom can be changed to tune frontier energy 
levels, solubility and material crystallinity. Using silicon instead of carbon as a bridging 
element in IDT could have several advantages. First of all the silicon bridge planarizes the 
 
Figure 4.1: Chemical structure of some popular polyfused and planar donor moieties. 
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IDT unit in the same way a carbon bridge would do, but the silicon-carbon bond (1.88 Å) is 
larger than a carbon-carbon bond (1.54 Å), which will have significant implications for the 
electronic properties and the solid state packing of the silaindacenodithiophene (SiIDT) based 
polymers. As a result of the longer bonds, the bulky solubilising alkyl chains are pushed away 
from the π-conjugated backbone allowing for stronger π-π interactions, leading to a semi-
crystalline polymer compared to the amorphous carbon bridged polymer.190 Furthermore the 
separation between anti-bonding lobes, located on the carbon atoms, adjacent to the bridging 
atom, is increased because of the longer bond lengths. The reduction in anti-bonding energy 
is manifested in a HOMO energy level reduction of SiIDT (-5.11 eV) compared to its carbon 
bridged counterpart (-4.99 eV) (Figure 4.2). 
The nature of the bridging atom does not only affect the HOMO energy level, but the σ*-
orbital located on the silylene can undergo effective orbital mixing with the π*-orbital on the 
adjacent butadiene fragment, stabilizing the LUMO, with correspondingly lower bandgaps 
than IDT (Figure 4.2).191-193 
4.2 Synthesis of the Silaindacenodithiophene Monomer 
In order to couple the thiophene units to the benzene ring, this one needs to be halogenated 
first. However the latter ring-closure reaction is initiated via lithium-halogen exchange 
reaction and therefore the benzene ring has to be functionalised with different halogen groups 
to allow selective coupling. Commercially available 1,4-dibromobenzene (4.1) was iodated at 
the 2,5-positions under strongly acidic conditions to yield 1,4-dibromo-2,5-diiodobenzene 
(4.2). In case the iodation reaction was performed at higher temperatures to increase reaction 
rates, the formation of 1,4-dibromo-2,3,5-triiodobenzene was observed, making the 
purification of 4.2 very difficult. In the next step, the thiophene-phenylene-thiophene system 
was assembled via palladium catalyzed Negishi coupling between 4.2 and (3-bromothiophen-
2-yl)zinc bromide. Again the reaction temperature proved to be the most important parameter 
 
Figure 4.2: Energy-minimized structure (B3LYP/6-31G*) of methyl-substituted IDT and 
SiIDT with visualizations of the HOMO (bottom), respectively LUMO (top) wave functions. 
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to control, in order to ensure the selectively at the diiodated 2,5-positions and to avoid the 
coupling at the brominated 1,4-positions. 
The key step in the synthesis of the SiIDT donor unit is the ring-closure step during which the 
planar geometry of the moiety is fixed. This step proved to be very sensitive to the reaction 
conditions and often difficult to reproduce. In a first step the four brominated positions on 4.3 
are lithiated via lithium-halogen exchange reaction using n-butyllithium at -78°C. At lower 
temperatures, the solubility of 4.3 proved difficult leading to partial lithiation and lower 
overall reaction yields. On the other hand, at higher reaction temperatures the lithiation was 
no longer selective towards the brominated positions and the free α-positions on the 
thiophene rings were lithiated as well, which in return prevented high reaction yields. The 
tetralithiated 4.3 species turned out to be reasonably stable given the temperature was 
carefully monitored and after two hours the ring-closure was initiated by the slow addition of 
dichlorodioctylsilane. The dichlorodioctylsilane was diluted before it was added dropwise to 
the reaction mixture. The dilution and rate of addition proved to be the key parameters 
towards higher reaction yields. Due to the extremely high reactivity of the tetralithiated 
species, the reaction mixture warmed up quickly upon addition of the first drops of silane 
leading to multiple side reactions. However by adding the dichlorodioctylsilane carefully, the 
temperature could be controlled and the reaction kinetics slowed down sufficiently to allow 
the double ring closure to occur and to avoid simple quenching of the lithiated positions on 
4.3 with the dichlorodioctylsilane. The reaction yields did not exceed 34%, which for a 
double ring-closure reaction is a very reasonable yield keeping in mind that the reaction is 
entropically unfavoured. Additionally, the silicon bridges in the SiIDT unit are easily 
hydrolyzed under atmospheric conditions making the reaction work-up and purification of 4.4 
rather challenging. 
The planar geometry of 4.4 was unambiguously confirmed by single crystal X-ray diffraction. 
The single crystal was obtained by slow evaporation of a hexane solution of 4.4 and the 
crystal structure is shown in Figure 4.4. The Si-C bond length was measured to be 1.87 Å 
 
Figure 4.3: Synthetic scheme towards the SiIDT monomer with n-octyl side chains. 
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and the bond angle at the silicon bridge 91.5°, similar to the bond angle at the sulphur in 
thiophene (91.9 Å).194 
Furthermore the silicon bridges in 4.4 are unstable towards aqueous basic reaction conditions, 
thus excluding Suzuki-Miyaura coupling as a viable route for the incorporation of SiIDT into 
donor-acceptor polymers. Stille type chemistry on the other hand would be suitable to be 
employed with the silicon bridged monomer and therefore compound 4.4 was stannylated to 
allow the incorporation into semiconducting polymers. The final monomer 4.5 was a viscous 
oil at room temperature, but fortunately its freezing point was sufficiently high, allowing the 
solidification at -18°C. Once solidified, the compound could be broken up into a powder and 
washed with cold acetonitrile to remove excess trimethyltin. The NMR spectrum of the final 
monomer 4.5 is shown in Figure 4.5, highlighting the high purity of the compound. 
 
Figure 4.5: 1H-NMR spectra of 4.4 (top) and 4.5 (bottom) with the corresponding peak 
assignments. The residual solvent peaks of CDCl3 (*) and water (#) are labelled for 
completeness. 
 
Figure 4.4: The crystal structure of benzo[1,2-b:4,5-b]bis(4,4’-dioctyl-4H-silolo[3,2-b] 
thiophene) (4.4) in top view (left) and side view (right). 
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4.3 Silaindacenodithiophene Containing Polymers 
4.3.1 Polymer Synthesis 
The synthesis of four SiIDT based polymers was envisaged in order to study the influence of 
thiophene spacers and backbone fluorination on the device performance. The 
copolymerization of monomer 4.5 with benzo[c][1,2,5]thiadiazole (BT), 4,7-di(thiophen-2-
yl) benzo[c][1,2,5] thiadiazole (DTBT) respectively, has led to high VOC values in OPV 
devices.195, 196 By copolymerizing donor 4.5 with the fluorinated acceptor counterparts, 5,6-
difluorobenzo[c][1,2,5]thiadiazole (2FBT) and 5,6-difluoro-4,7-di(thiophen-2-yl) benzo[c] 
[1,2,5]thiadiazole (2FDTBT), it is expected to lower the HOMO energy further and to 
achieve even higher device performances by increasing the VOC.
197, 198 All four polymers were 
synthesized using Stille coupling reaction conditions as outlined in Figure 4.6. Two different 
catalytic systems were employed, depending on the nature of the aryl groups to couple. In 
case the stannylated monomer 4.5 was to be coupled to a benzene ring, 
tetrakis(triphenylphosphine) palladium was used as catalyst and o-xylene as solvent 
(Condition A). To couple monomer 4.5 to a thienyl unit, tris(dibenzylideneacetone) 
dipalladium, together with tri(o-tolyl)phosphine was used as catalytic system in 
chlorobenzene (Condition B). 
In order for semiconducting polymers to achieve high performances in transistors or solar 
cells, it is essential that the polymers contain neither structural defects, nor organic or 
inorganic impurities. The probability of structural defects in the polymer chain can be 
minimized by using metal catalyzed coupling reactions, but there is typically no deliberate 
control over the chemical nature of the polymer chain ends. Even though the concentration of 
chain ends is very low compared to the number of repeating units in a high molecular weight 
polymer sample, their presence can have significant effects on device characteristics and film 
morphology.149 To avoid those undesirable side effects, all polymers were end-capped with 
chemically inert phenyl groups. Organic and inorganic impurities were removed from the 
crude polymers by precipitation into methanol and subsequent Soxhlet extractions with polar 
 
Figure 4.6: Synthesis of the SiIDT based polymers; polymerization condition A: Pd(PPh3)4,  
o-xylene, microwave heating; polymerization condition B: Pd2(dba)3, P(o-tol)3, 
chlorobenzene, microwave heating. 
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and non-polar solvents. After the Soxhlet extractions, the polymer was dissolved in 
chloroform and washed with an aqueous sodium diethyldithiocarbamate solution to remove 
residual palladium impurities.126 All SiIDT containing polymers were synthesized with 
comparable molecular weights ranging from 21 to 30 kg/mol. The molecular weights of all 
polymers are summarized in Table 2.2. All polymers were easily soluble in common organic 
solvents (e.g. chloroform, xylenes, chlorobenzene, etc.) with the exception of the fluorinated 
polymer 4.8, which could only be solubilised in hot chlorinated solvents. 
Table 4.1: Molecular weights and thermal properties of the different SiIDT polymer. 
Polymer 
Mn
 [a] 
(kg/mol) 
Mw
 [a] 
(kg/mol) 
Dw
 [a] DPn
 [b] 
Td
 [c] 
(°C) 
4.6 30 59 2.0 34 443 
4.7 22 57 2.6 21 444 
4.8 21 35 1.7 23 428 
4.9 26 71 2.7 24 431 
[a] Average molecular weight in number (Mn), in weight (Mw) and weight average dispersity Dw (Mw/Mn) as 
determined by SEC using narrow weight average dispersity (Dw < 1.10) polystyrene (PS) standards and 
chlorobenzene as eluent. [b] The degree of polymerization (DPn) is defined in this case as the number of 
repeating units. [c] Decomposition temperature (5% weight loss) determined by thermal gravimetric analysis 
under nitrogen. 
The polymers showed very good thermal stability under nitrogen atmosphere and none of the 
polymers decomposed at temperatures lower than 420°C during the thermal gravimetric 
analysis (TGA) experiments. The non-fluorinated polymers 4.6 and 4.7 decomposed at 
slightly higher temperatures, indicating that the electron withdrawing character of the fluorine 
substituents has a small negative effect on the thermal stability of the polymers. Differential 
scanning calorimetry (DSC) was performed on all polymers in the temperature range from 
0°C to 370°C. Polymers 4.7 and 4.9 containing the thienyl spacers did not show any 
transitions, whereas 4.6 and 4.8 both showed obvious phase transitions. The DSC traces of 
4.6 and 4.8 are depicted in Figure 4.7. 
 
Figure 4.7: DSC curves of 4.6 (left) and 4.8 (right). Heating cycles are shown in red and 
cooling cycles in blue. Endothermic events are shown by positive peaks. 
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During the first heating cycle a melt at 320°C (11.8 J/g) was observed for 4.6. The polymer 
solidified again during the cooling phase at around 310°C (6.5 J/g). Both transitions were 
only partially reproducible because during the second cooling cycle the melt (300°C, 6.8 J/g) 
and the crystallization (305°C, 3.3 J/g) were observed at different temperatures and with 
lower enthalpies. As already mentioned in the previous chapter, the crystallization of a 
polymer is strongly dependent on the kinetics and the moderate cooling rate of 10°C/min 
might have trapped most of the sample in a glassy state instead, leading to fluctuations of the 
transition temperatures and enthalpies. A nearly identical behavior is observed for polymer 
4.8; several transitions are observed during the first heating cycle, but none in the subsequent 
cycles. The polymer melt is preceded by an endothermic transition at 260°C (7.2 J/g), 
followed by the polymer melt at 285°C (27.7 J/g). The enthalpy of fusion is much higher for 
4.8 than in case of 4.6, which indicates a higher degree of cristallinity in case of the 
fluorinated polymer.  
4.3.2 Optical Properties 
The UV-vis. absorption spectra (Figure 4.8) of all polymers were recorded in dilute 
chlorobenzene solution and thin film. The detailed UV-vis. data and the frontier energy level 
values are summarized in Table 4.2. 
Polymers 4.6 and 4.8, both show two distinctive peaks in solution and solid state, an intense 
ICT band at longer wavelengths and a weaker π-π* transition band at shorter wavelengths. 4.7 
and 4.9 have similar, slightly red-shifted absorption bands. However the peak at shorter 
wavelengths is not as well resolved and resembles to a high energy shoulder. In solution 
polymer 4.8 is hypsochromically shifted by around 40 nm compared to 4.6, which has several 
reasons. On the one hand the molecular weight of 4.8 is lower, thus potentially reducing the 
effective conjugation length and blue shifting the absorption spectrum. On the other hand 
polymer 4.8 is bearing fluorine substituents on the BT acceptor unit, which even though small 
 
Figure 4.8: Normalized UV-vis. absorption spectra of the different SiIDT polymers in dilute 
chlorobenzene solution (left) and thin-film (right), spin-coated from chlorobenzene on glass 
substrate. 
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in size have a larger atomic radius (0.50 Å) compared to hydrogen (0.25 Å).199 This small 
difference is expected to lead to steric hindrance between the fluorine atoms on the BT unit 
and the adjacent thiophene of the SiIDT moiety, resulting in increased backbone twist and 
reduced electron delocalization. In solid state however, the backbone twist is suppressed and 
the absorption bands of 4.8 resemble the ones of 4.6. Favourable halogen-sulfur interactions 
are at the origin of the reduced backbone twist of 4.8 in solid state and have been shown 
previously to self- rigidify conjugated systems leading to a more coplanar backbone and 
improved electron delocalization.24, 200-202 The influence of the fluorine substituents on the 
absorption spectra of 4.7 and 4.9 is less pronounced because the additional thiophene rings 
flanking the BT core act as spacers, thus minimizing the sterical hindrance and reducing the 
torsional angle between the BT and the adjacent SiIDT unit. 
Table 4.2: Optical properties and experimental, respectively calculated energy levels of 
SiIDT based polymers. 
   PESA 
Cyclic 
Voltammetry 
DFT 
Polymer 
λmax soln.
 [a] 
(nm) 
λmax film
 [b] 
(nm) 
HOMO / 
LUMO [c] 
(eV) 
HOMO / 
LUMO [d] 
(eV) 
HOMO / 
LUMO [e] 
(eV) 
4.6 412, 620 414, 634 -5.4 / -3.6 -5.3 / -3.1 -4.7 / -3.0 
4.7 454, 588 468, 625 -5.0 / -3.3 -5.2 / -3.4 -4.6 / -3.0 
4.8 381, 582 413, 642 -5.4 / -3.6 -5.3 / -3.1 -4.8 / -3.1 
4.9 457, 597 468, 648 -5.1 / -3.4 -5.2 / -3.2 -4.7 / -3.1 
[a] Measured in dilute chlorobenzene solution. [b] Spin-coated from 5 mg/mL chlorobenzene solution on glass 
substrate. [c] The LUMO energy is estimated by adding the absorption onset to the HOMO which was measured 
by PESA. [d] Cyclic voltametry was carried out in an argon-saturated solution of 0.1 M of tetrabutylammonium 
hexafluorophosphate (n-Bu4NPF6) in anhydrous acetonitrile, referenced against the ferrocene/ferrocenium 
couple            
   
        . [e] Determined by TD-DFT on the energy-minimized methyl substituted trimers 
(B3LYP/6-31G*). 
 
 
Figure 4.9: PESA spectra of SiIDT polymer thin films (left) and cyclic voltammograms of 
the same polymers in 0.1 M n-Bu4NPF6/CH3CN at 25°C (right). 
Chapter 4: Silaindacenodithiophene containing polymers 
98 
The ionization potentials of all polymers were measured by ultraviolet photoelectron 
spectroscopy in air (PESA), respectively cyclic voltammetry (CV). The PESA spectra and 
cyclic voltammograms of all polymers are shown in Figure 4.9 and the data summarized in 
Table 4.2. From the values in Table 4.2, it is obvious that the accurate measurement of the 
frontier energy levels is not trivial and depends on the employed technique, but also on the 
polymer film morphology. The samples for the PESA measurements were prepared by spin-
coating, yielding very homogenous polymer films of uniform thickness on glass substrates. 
The samples for the CV experiments on the other hand were prepared by drop-casting the 
polymer on a cylindrical platinum working electrode. The drop-casted films were much 
thicker and inhomogeneous in thickness, compared to the spin-coated samples. Despite the 
significant experimental and morphological differences, the measured energy levels are 
following the same trends within each technique, but there are substantial differences between 
the absolute values obtained with the different experimental setups. All experimental (PESA 
and CV) and calculated (B3LYP/6-31G*) values are plotted in Figure 4.10 and the data 
spread highlights why the measured values should be regarded as estimated values, rather 
than absolute numbers. Independent of the experimental technique, the introduction of 
electron withdrawing fluorine onto the polymer backbone lowers both frontier energy levels 
to a similar degree, and thus the effect on the bandgaps of the fluorinated (4.8 and 4.9) 
compared to the non-fluorinated polymers (4.6 and 4.7) is negligible. As a consequence of the 
electron donating nature of the thienyl spacers, the frontier energy levels of 4.7 and 4.9 are 
slightly higher and together with the bathochromically shifted UV-vis. absorption spectra, this 
leads to lower bandgaps. 
The frontier energy levels and the molecular orbital distributions were calculated with hybrid 
DFT using the B3LYP/6-31G* model. The calculated frontier energy levels were all higher in 
energy than the experimental ones, which are ascribed to the limitations of the theoretical 
model to describe conjugated polymers accurately.203 Nevertheless, the calculated values are 
consistent with the trends previously observed in the experimental PESA and CV data. The 
calculations predict lower lying HOMO energy levels for the fluorinated polymers, as well as 
 
Figure 4.10: Experimental and calculated frontier energy levels of the various SiIDT 
copolymers, obtained by different experimental techniques. The HOMO energy levels are 
shown in the bottom data set and the LUMO energy levels in the top data set. 
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an increase in the HOMO energy level upon introduction of thienyl spacers between the 
donor and acceptor parts of the polymer backbone. As expected for this kind of donor-
acceptor polymers, the HOMO wave functions of all four polymers are predicted to be 
delocalized over the entire length of the polymer backbone, whereas the LUMO wave 
functions are primarily localized on the benzo[c][1,2,5]thiadiazole accepting units (Error! 
Reference source not found.). 
4.3.3 Organic Field Effect Transistors 
Top gate – bottom contact (TGBC) organic field effect transistors were prepared to evaluate 
the charge carrier mobilities of the novel SiIDT based polymers. The semiconducting 
polymer was spin coated from oDCB on glass with pentafluorobenzenethiol (PFBT) treated 
gold source and drain electrodes. Subsequently the CYTOP dielectric was deposited and the 
aluminium gate evaporated on top. The devices were annealed at 180°C for 10 minutes before 
the hole mobilities were extracted (Table 4.3). 
Table 4.3: OFET Device Characteristics of the SiIDT polymers. 
Polymer 
µ sat
 [a] 
[cm²/Vs] 
µ lin
 [b] 
[cm²/Vs] 
VT 
(V) Ion/Ioff
 [c] 
4.6 0.014 0.011 -27 ~104 
4.7 0.28 0.25 -13 ~103 
4.8 0.004 0.002 -32 ~103 
4.9 0.19 0.10 -18 ~104 
[a] μ sat refers to the maximum hole mobilities measured in the saturation regime. 
[b] μ lin refers to the highest hole 
mobilities measured in the linear regime. [c] The ON-OFF ratios (Ion/Ioff) were extracted from the linear regime. 
As discussed previously, the sulfur-fluorine interactions are expected to planarize the polymer 
backbone, thus allowing tighter molecular packing and higher charge carrier mobilities due to 
increased order along the polymer backbone. Experimentally however, the opposite effect 
was observed and both fluorinated polymers exhibited lower hole mobilities (Figure 4.12). In 
case of 4.9 the difference was marginal and well within the experimental error range. The 
hole mobility in 4.8 on the other hand was found to be by one order of magnitude lower 
(0.004 cm2/Vs) than for 4.6 (0.014 cm2/Vs). One possible explanation for the lower hole 
mobilities could be the reduced electron density on the polymer backbone, induced by the 
presence of the electron withdrawing fluorine atoms. The strong electron withdrawing 
character could hinder hole mobility or hole injection, thus compensating the beneficial effect 
of backbone coplanarity. 
Contrary to the fluorination of the polymer backbone, the introduction of thienyl spacers 
between the SiIDT donor and the BT acceptors (4.7 and 4.9) improved the hole mobilities 
compared to 4.6 and 4.8. In both cases the polymers with the spacers exhibited several orders 
of magnitude higher hole mobilities, 0.28 cm2/Vs in case of 4.7, respectively 0.19 cm2/Vs for 
4.9. Additionally the threshold voltages were much lower, suggesting a lower trap density or 
better semiconducting layer morphology. 
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To gain more detailed insight into the semiconducting layer morphology, drop casted polymer 
films were prepared on glass substrates and probed by X-ray diffraction (XRD). In order to 
gain a better understanding of the effects of thermal annealing on the film morphology, XRD 
spectra were recorded of pristine and annealed (180°C during 10 minutes) polymer films 
(Figure 4.11). 
 
Figure 4.12: Transfer curves and output characteristics of the various SiIDT copolymers in 
TGBC devices, annealed at 180°C. 
 
Figure 4.11: X-ray diffraction (XRD) patterns of drop casted films of pristine SiIDT 
polymers on glass substrates (A) and after annealing at 180°C for 10 minutes under inert 
atmosphere (B). 
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As evidenced by the diffraction patterns, there are several significant differences between the 
various polymers. In pristine films all polymers are rather amorphous, except for 4.8 showing 
an intense diffraction peak at 5.4°, translating into a lamellar stacking distance of 16.4 Å. 
After thermal annealing the microstructures of all polymers are showing some signs of semi-
crystallinity. This is the least pronounced for polymers 4.7 and 4.9 for which weak diffraction 
peaks are observed at 5.1°, respectively 5.3° after annealing at 180°C. The diffraction peak of 
4.7 is sharper (FWHM = 0.46) than the one for 4.9 (FWHM = 1.23) indicating a higher 
degree of order. In addition, a change in the position of the diffraction peak of 4.7 (5.1°) 
compared to 4.9 (5.3°) is observed, which translates into a larger lamellar stacking distance of 
17.4 Å. At the same time the annealing step improved the π-stacking in those materials, 
leading to an increase in intensity and sharpening of the broad diffraction peaks around 25°. 
For both polymers without thiophene spacers (4.6 and 4.8), the π-stacking was not affected by 
the thermal annealing, in contrary to the lamellar stacking. Both polymers show intense and 
narrow reflections at low angles (5.3° and 10.6°), indicating a high degree of lamellar order. 
The lamellar stacking distance was calculated to be 16.6 Å for both polymers (4.6 and 4.8). It 
is noteworthy that 4.6 has a rather amorphous microstructure before annealing, but becomes 
highly ordered upon annealing at 180°C for 10 minutes. 
The significant morphological changes of 4.6 before and after annealing, inspired further 
investigations of its hole mobility. The transistor characteristics of 4.6 based OFET devices 
before (5 minutes drying at 100°C) and after high temperature annealing (10 minutes 
annealing at 180°C) are shown in Figure 4.13. The hole mobility was barely affected by the 
annealing step and was only marginally lower (0.012 cm2/Vs) in the non-annealed device, 
than in the annealed one (0.014 cm2/Vs). However, the threshold voltages increased from 
only -7 V in the non-annealed device to -27 V in the annealed device. This observation is in 
strong support of the previously made claim that the OFET devices based on the more 
amorphous polymers 4.7 and 4.9 exhibit lower threshold voltages, because the absence of 
grain boundaries implies lower trap densities in the semiconducting layer. 
 
Figure 4.13: Transfer and output characteristics of 4.6 OFET devices, dried at 100°C for 5 
minutes (left) and annealed for 10 minutes at 180°C (right). 
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The polymer morphology before and after annealing was further investigated by atomic force 
microscopy (AFM) (Figure 4.14) and the film roughness of 4.6 was found to increase upon 
thermal annealing. This is believed to introduce additional trap sites at the polymer – 
dielectric interface, resulting in the observed higher threshold voltages in the OFET devices. 
It is interesting to note that the more amorphous polymers, 4.7 and 4.9, yielded much higher 
mobilities in OFET devices than their semi-crystalline counter parts. For a long time semi-
crystallinity and long range order have been considered a prerequisite for high carrier 
mobilities, but more recently rather amorphous polymers have shown exceptionally high hole 
mobilities. The high carrier mobilities are believed to originate from one dimensional 
transport along the polymer backbone with occasional intermolecular hopping through short 
π-stacking bridges facilitating charge percolation.85, 86, 150, 187 
4.3.4 Photovoltaic Properties 
Bulk heterojunction solar cells with a conventional device structure consisting of 
ITO/PEDOT:PSS/SiIDT polymer:PC71BM/Ca/Al were prepared and tested under simulated 
100 mW/cm2 AM1.5G illumination. The J-V curves and EQE spectra of all SiIDT based 
solar cells are presented in Figure 4.15. The corresponding open-circuit voltages (VOC), short-
circuit currents (JSC), fill factors (FF) and power conversion efficiencies (PCE) are 
summarized in Table 4.4. 
 
 
Figure 4.14: AFM topography (left column) and amplitude (right column) images (2.0 μm x 
2.0 μm) of 4.6 spin coated from 5 mg/mL o-dichlorobenzene solution on silicon substrate; neat 
film (A & B) and annealed film (C & D). 
Chapter 4: Silaindacenodithiophene containing polymers 
103 
Even though the PESA and CV measurements predicted similar HOMO energy levels for 4.6 
and 4.8, a slight discrepancy is observed in the solar cell data. The device based on the 
fluorinated polymer 4.7 has a slightly higher VOC (0.94 V), however this cannot be translated 
into a high PCE (1.7%) because of the very low current densities (3.44 mA/cm2). The 
introduction of thienyl spacers into the polymer backbone raises the HOMO energy levels of 
4.7 and 4.9 and it is therefore no surprise that those polymers display the lowest VOC in BHJ 
solar cells. Despite the lower VOC, respectable PCE of 3.6% and 4.3% could be achieved and 
this mainly because of high JSC values (>8 mA/cm
2). The highest device performance of 4.5% 
was achieved with polymer 4.6 and this mainly because of simultaneously high VOC (0.88 V) 
and JSC (9.93 mA/cm
2). The fill factors for all devices are rather low (~0.50) with the 
exception of 4.9 for which a decent FF of 0.64 could be achieved. Every attempt to improve 
the fill factors by varying the PC71BM loading in the blends resulted in a significant loss of 
current and consequently a decrease in PCE. The best polymer:fullerene ratio was found to be 
1:3 (w/w), except for 4.6 where the optimum ratio was 1:3.5, for all devices, which is 
counterproductive for the development of “cheap” solution processable organic solar cells 
given the high costs of PC71BM. 
Table 4.4: Photovoltaic properties of OPV devices from SiIDT based polymers, the 
polymer:PC71BM blends were spin-coated from oDCB. 
Polymer 
JSC 
(mA/ cm2) 
VOC 
(V) 
FF 
PCE 
(%) 
4.6 9.93 0.88 0.52 4.5 
4.7 8.75 0.83 0.50 3.6 
4.8 3.44 0.94 0.54 1.7 
4.9 8.36 0.80 0.64 4.3 
 
 
Figure 4.15: (Left) J-V characteristics and (right) EQE spectra of SiIDT polymer:PC71BM,  
devices under 100 mW/cm2 AM1.5G simulated solar illumination. 
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The EQE spectra extend beyond 700 nm, which is in excellent agreement with the previously 
recorded UV-vis. absorption spectra of the different polymers. All polymers, except 4.8, show 
very high EQE responses between 400 and 600 nm as a result of the intrinsic high absorption 
of the polymers and the very high PC71BM loading in the films. This broad coverage of the 
solar spectrum explains the high JSC values observed for the different devices under 
illumination. The EQE response of 4.8 however is significantly lower and at the origin of the 
very low JSC (3.44 mA/cm
2) measured in the solar cell, despite its red-shifted UV-vis. 
absorption spectrum. Despite its structural similarity, 4.8 generates only little charges under 
illumination between 400 and 600 nm and so does PC71BM. The origin of this low charge 
photogeneration was investigated by photoluminescence (PL) quenching experiments. The 
photoluminescence spectra of 4.6, 4.8 and the corresponding polymer:PC71BM blends are 
shown in Figure 4.16. 
In the neat polymer films intense photoluminescence was measured because most of the 
photogenerated excitons decay via radiative pathways. In the polymer:fullerene blends, the 
photoluminescence is quenched because the generated excitons separate into free charges in 
the presence of the fullerene, thus preventing any radiative decay pathways. The efficient 
photoluminescence quenching in both polymer:fullerene blends indicates that the loss of 
photocurrent in the 4.8 devices cannot be assigned to exciton diffusion limitations. In order to 
investigate the origin of the low JSC in the 4.8 device, the morphology of all polymer:PC71BM 
films was probed by AFM (Figure 4.17). Whereas 4.6/PC71BM forms very homogenous 
films with a fine microstructure, the blend films of 4.8 present a very large phase separation 
with domain sizes of 50-200 nm. 
Transmission electron microscopy (TEM) data was in excellent agreement with the AFM data 
and confirmed the formation of non-bicontinuous features in the 4.8 blend film (Figure 4.17). 
The blend films for the TEM experiments were stained with iodine; hence the darker regions 
in the TEM micrographs correspond to the more PC71BM rich domains. These significant 
differences between the microstructures of non-fluorinated and fluorinated polymers has been 
 
Figure 4.16: Photoluminescence spectra of thin films of 4.6, 4.8, 4.6/PC71BM and 
4.8/PC71BM. The samples were excited at 640 nm. 
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previously observed by Yu et al. suggesting that high degree of backbone fluorination 
inevitably leads to phase separation in polymer:fullerene blends.204 The exact reasons for the 
observed phase separation are yet unknown, but fluorinated polymers are known to often 
have low surface free energies, which could lead to phase separation in case the polymer and 
fullerene surface free energies are too different.205 Another plausible cause for the observed 
phase separation could be the pronounced semi-crystallinity of polymer 4.8, preventing the 
fullerene acceptor to intermix with the polymer crystallites, thus forming large polymer and 
fullerene rich domains, but no percolated networks that would facilitate charge collection at 
the electrodes. 
The introduction of thienyl spacers into the polymer backbone proved advantageous for the 
blend microstructure. The less crystalline nature of polymers 4.7 and 4.9 facilitated the 
formation of a homogenous and fine blend microstructure when mixed with PC71BM, leading 
to high PCE values. The introduction of additional thiophene rings into the polymer backbone 
was especially important in the case of the fluorinated polymers, where the finer 
microstructure of the 4.9:PC71BM blend allowed improving the PCE to 4.3%, compared to 
1.7% in case of 4.8. 
SiIDT based donor polymers proved useful as low bandgap light absorbing polymers in 
organic solar cells, but the active layer blend morphology proved very difficult to control. 
There are many alternative ways to control the active layer blend morphology in SiIDT based 
polymers, other than fluorinating the polymer backbone or introducing thiophene spacers. 
One of the most popular ways to modulate semiconducting polymer morphologies is to 
introduce different alkyl side chains.206 In addition to introducing different alkyl side chains, 
 
Figure 4.17: AFM topography images (2.0 μm x 2.0 μm) of 1:3w/w polymer/PC71BM blends 
(except for 4.6 which is a 1:3.5 polymer:PC71BM blend). TEM images (grayscale images) of 
4.8 and 4.9. 
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the flexibility of the indacenodithiophene unit will be exploited and the nature of the bridging 
atom will be changed, in order to modify the polymers solid state morphology. 
4.4 The Importance of Polymer Purification 
4.4.1 Monomer and Polymer Synthesis 
Based on the aforementioned results, the linear n-octyl side chains on the SiIDT unit were 
substituted for branched 2-ethylhexyl side chains with the intention to reduce the semi-
crystallinity of the corresponding polymers compared to 4.6. The synthetic pathway towards 
the SiIDT unit with branched 2-ethylhexyl side chains is similar to the one of 4.4 and shown 
in Figure 4.18. Contrary to the dichlorodioctylsilane, the dichlorobis(2-ethylhexyl)silane is 
not commercially available and has to be prepared prior to each ring closure reaction by 
reacting perchlorosilane (4.11) with 2 equivalents of (2-ethylhexyl)magnesium bromide. The 
addition rate of the Grignard reagent has to be carefully controlled to avoid the formation of 
tri- and tetraalkylated silane. The crude dialkyldichlorosilane (4.12) was purified by 
distillation under reduced pressure, which proved to be a challenging task because if the 
temperature was raised too high, the crude product decomposed, forming a brownish viscous 
oil. The exact decomposition mechanism was not investigated, but it is assumed to be similar 
to the mechanisms observed for the thermal decomposition of chlorosilanes.207 Another 
problem often encountered with dialkyldichlorosilanes is their affinity towards hydrolysis, 
leading to the formation of polydialkylsiloxanes, evidenced by the presence of a white solid 
in an otherwise colourless liquid.208, 209  
 
Figure 4.18: Synthetic scheme towards the SiIDT monomer with branched 2-ethylhexyl side 
chains. 
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At first the ring closure reaction was attempted using the same reaction conditions as 
previously developed for the synthesis of 4.4. However the formation of the desired ring 
closed SiIDT unit was not observed, instead the silylation of 4.3 occurred. The failure of the 
reaction is most likely caused by the lower purity of the “home-made” dichlorobis(2-
ethylhexyl)silane compared to the commercially available dichlorodioctylsilane. The presence 
of impurities in 4.12 will be detrimental for the ring-closure step because the stoichiometric 
ratios have to be perfectly met in order for compound 4.3 to be properly ring closed. In an 
attempt to take into account the presence of impurities, slight stoichiometric imbalances were 
used, but even by adding 2.2 equivalents of 4.12 the formation of the desired ring closed 
product was not observed. In order to exclude any side reaction at the free α-position of 
compound 4.3, those were protected with trimethylsilyl groups to afford 4.10. After 
protection, the use of a slight excess of alkyl lithium was possible to drive the formation of 
the tetralithiated 4.10 species. The formation of the tetralithiated species was observed at -
90°C, using t-butyl lithium. After careful addition of 4.12, the ring closure reaction took 
place. The isolation of the desired compound 4.13 proved extremely difficult because 
multiple side products with similar polarities and solubilities were formed during the reaction 
and could only be removed after multiple chromatographies on neutral silica gel. 
Furthermore, the 2-ethylhexyl SiIDT unit was found to be even less stable to ambient 
conditions than the n-octyl derivative and its stability could only be ensured by storing the 
yellow oil in the dark under vacuum or inert atmosphere. 
The ring closed compound 4.13 was brominated with N-bromosuccinimide (NBS) and 
isolated in excellent purity and yield. The bromination was carried out at lower temperatures 
than usually employed for NBS brominations to avoid the ring opening reaction at the silicon 
bridges. After halogen-lithium exchange reaction at the brominated α-positions of 4.13, the 
dilithiated intermediate was quenched with trimethyltin chloride to yield the final stannylated 
monomer 4.15. Compound 4.15 was a viscous oil, but did not solidify at -18°C as the n-octyl 
derivative did, which made the purification extremely tricky. Standard chromatography 
techniques could not be used for the purification because the trimethyltin groups on 4.15 are 
extremely labile and readily protodestannylated under mild acidic conditions. However 
careful purification of 4.15 by means of preparative-scale recycling size exclusion 
chromatography (recSEC) yielded the final monomer in sufficient purity for polymerization. 
The synthesis of 2-ethylhexyl substituted germanium bridged indacenodithiophene (GeIDT) 
has been reported previously and was synthesized under similar conditions (Figure 4.19).210  
 
Figure 4.19: Synthetic route towards germaindacendithiophene 4.19. 
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The synthesis and purification of dichlorobis(2-ethylhexyl)germane (4.17) proved equally 
challenging as for the silicon derivative, but was achieved nevertheless with a yield of 45%. 
The ring closure reaction was performed using the previously established reaction conditions; 
however the purification of the ring closed product proved very difficult because the 
trimethylsilyl groups were easily cleaved during the column chromatography. The 
protodesilylation of the α-positions was totally unexpected because it was not observed 
during the purification of 4.13. As a result of the labile nature of the trimethylsilyl protecting 
groups, the ring closed compound 4.18 could not be isolated in its pure form, but rather a 
mixture of ring closed compounds with different degrees of silylation was recovered (4.18a-
c). The product mixture 4.18a-c was brominated with NBS and the final monomer 4.19 was 
recovered in 38% yield. Other more robust protecting groups (e.g. triisopropylsilyl or tert-
butyldimethylsilyl) were deliberately avoided because the silyl protecting group has to be 
labile enough to be cleaved under gentle reaction conditions in order to not ring-open the 
germanium bridge. 
The incorporation of the different IDT monomers into benzo[c][2,1,3]thiadiazole (BT) 
copolymers is achieved by palladium catalyzed cross-coupling reaction (Figure 4.20). The 
type of cross-coupling employed is dictated by the nature of the bridging element. Of all three 
different bridging atoms, silicon is less electronegative (χPauling = 1.90) than carbon (χPauling = 
2.55). Consequently the silicon-carbon bond is the most polarized one, which is believed to 
be at the origin of its instability towards basic reaction conditions, making the silicon bridged 
IDT unit unsuitable for Suzuki type coupling reactions. In contrast, the reduced polarisation 
 
Figure 4.20: Synthetic scheme towards the different IDT containing copolymers. 
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of the germanium-carbon bond (Ge χPauling = 2.01) ensures sufficient stability of the 
germanium bridge under basic reaction conditions and the corresponding polymers could be 
synthesized via Suzuki cross coupling reaction of 4.19 with 2,1,3-benzothiadiazole-4,7-
bis(boronic acid pinacol ester).210 The synthesis of the carbon IDT containing polymer 4.20 
via Suzuki coupling was reported previously and the polymer was kindly provided by Dr. 
Hugo Bronstein to complete this study.185  
All polymers were end-capped after reaction and precipitated into well stirred methanol. The 
recovered dark blue polymer fibres were Soxhlet extracted with acetone, n-hexane and 
chloroform under argon atmosphere. The chloroform solution was washed with an aqueous 
sodium diethyldithiocarbamate solution to remove residual catalytic impurities. Throughout 
this chapter polymers purified exclusively by Soxhlet extractions and salt wash will be 
referred to as non-purified (NP) polymers. 
4.4.2 Polymer Purification 
Soxhlet extraction is one of the most widely used purification techniques for semiconducting 
polymers, although it is by far not the ideal purification process. First of all the crude polymer 
fibres are washed with “poor” solvents in which the majority of the polymer is not soluble. 
This means, the polymer coils do not properly swell in the solvent and therefore the fibres are 
mainly purified at the solvent-polymer interface, but impurities enclosed in the polymer fibres 
will be difficult to extract. In order to improve the purification of the polymer by Soxhlet 
extraction, it is important to maximize the surface area of the polymer fibres and to avoid the 
formation of large polymer lumps during the precipitation of the crude polymer. Another 
aspect to consider during Soxhlet extractions is the polarity of the solvents used. By 
decreasing step-wise the polarity of the solvents used during the extractions, the polymer 
fibres dissolve better and swell more, which improves the extraction of non-polar impurities 
from the bulk of the fibres. However if those impurities are polar, the situation could occur 
that the polymer fibres are well swollen, but that the non-polar solvent is unable to solvate the 
polar impurity, thus leaving it behind in the polymer fibre. This short outline of common 
problems encountered during Soxhlet purification, illustrates why this purification technique 
is far from perfect and why it is so difficult to reproduce the exact same purification 
conditions on different polymer batches. Ensuring minimal batch to batch variations however 
is a prerequisite for the commercialisation and industrial synthetic scale-up of organic 
semiconducting polymers. 
The polymer performance relies strongly on the purity of the material and even though 
organic polymeric semiconductors will never achieve comparable purities to inorganic 
semiconductors (>99.999999), efforts have to be made nevertheless to purify the polymers to 
the highest possible standard. There have been multiple reports in literature on how different 
impurities like unreacted monomers, low molecular weight oligomers, inorganic impurities, 
structural defects, terminal groups, etc. can have a detrimental effect on device performances 
either by disrupting the molecular order in solid state, reducing the device stability or simply 
by introducing additional charge traps and recombination centres.122, 124-127, 149  
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Purifying the bulk of semiconducting polymers can only be achieved by properly dissolving 
the sample and by separating the high molecular weight polymer chains from all eventual 
impurities. One of the most potent purification techniques in this perspective is 
chromatography. In order to purify large polymer batches at once a preparative-scale 
recycling size exclusion chromatography (recSEC) setup was designed and acquired. The 
schematic representation of the system is shown in Figure 4.21. 
Chlorobenzene was used as eluent and the polymer was separated on an Agilent PLgel 10 μm 
MIXED-D column. The column temperature was kept at 80°C to ensure sufficient solubility 
of the polymer and to avoid supramolecular interactions between polymer chains. By simply 
passing the dissolved polymer sample through the column, low molecular weight components 
(Mn < 10 kDa), such as oligomers and chains with chemical defects (e.g. miscoupled or cross-
linked polymer chains), can be easily removed. The setup however also offers the possibility 
of fractionating the polymer in order to isolate narrow dispersity fractions with well defined 
molecular weights. 
For each polymer, a high (H) and a low (L) molecular weight fraction was isolated, but very 
low and very high molecular weight fractions were intentionally excluded because those two 
extreme cases require different processing conditions, making a direct comparison with the 
other fractions difficult. After Soxhlet extraction all three non-purified polymers (4.20-NP, 
4.21-NP and 4.22-NP) were recovered in reasonable molecular weights and acceptable 
polymerization degrees (Table 4.5). 
 
 
Figure 4.21: Schematic representation of the recSEC setup used for polymer purification and 
fractionation. 
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Table 4.5: Macromolecular parameters (Mn, Mw, Dw) of the non-purified and purified IDT 
polymers. 
Polymer 
Mn
 [a] 
(kg/mol) 
Mw
 [a] 
(kg/mol) 
Dw
 [a] DPn
 [b] 
4.20-NP 40 87 2.2 47 
4.20-L 20 30 1.5 24 
4.20-H 50 70 1.4 59 
4.21-NP 14 23 1.6 16 
4.21-L 17 23 1.4 19 
4.21-H 28 36 1.3 32 
4.22-NP 32 75 2.3 33 
4.22-L 19 29 1.5 20 
4.22-H 37 48 1.3 38 
[a] Average molecular weight in number (Mn), in weight (Mw) and weight average dispersity Dw (Mw/Mn) as 
determined by SEC using narrow weight average dispersity (Dw < 1.10) polystyrene (PS) standards and 
chlorobenzene as eluent. [b] The degree of polymerization (DPn) is defined in this case as the number of 
repeating units. [c] Decomposition temperature (5% weight loss) determined by thermal gravimetric analysis 
under nitrogen. 
After additional purification by means of recSEC, the molecular weights of all polymers 
could be further increased, but most importantly the dispersities could be reduced. The most 
significant decrease in Dw compared to the initial non-purified polymer was observed in case 
of 4.20 and 4.22. This was anticipated because both are high molecular weight polymers and 
had the broadest dispersities of all before fractionation (Figure 4.22). The low and high 
molecular weight fractions of each polymer were chosen in such a way that the lower 
molecular weight sample had roughly half the degree of polymerization of the higher 
molecular weight sample. Extra care was taken to choose the molecular weights in such a 
way that the degree of polymerization was well beyond the polymer effective conjugation 
length thus not affecting the optoelectronic properties, but at the same time different enough 
to influence the active layer morphology in organic solar cells. 
 
Figure 4.22: Normalized SEC traces of the various purified and non-purified IDT polymers. 
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4.4.3 Structural Properties 
Thermal gravimetric analysis (TGA) revealed the extraordinary thermal stability of all the 
polymers and decomposition was not observed at temperatures below 400°C. DSC 
measurements were performed on the different polymers to elucidate the effect of bridging 
element and molecular weight on the thermal transitions (Figure 4.23). 
The 4.20 polymer did not show any transitions in the temperature range of 0°C to 350°C, 
leading to the assumption that the polymer does not have a highly ordered microstructure. For 
polymer 4.21-H a very weak melt occurred around 260°C and was reversible on temperature 
cycling. The lower molecular weight 4.21-L however did not show any transitions during the 
heating, respectively cooling cycle. Even though the transitions observed for 4.21-H were 
extremely weak, they nevertheless point already towards morphological differences between 
the high and lower molecular weight samples of 4.21. The DSC traces of 4.22-L and 4.22-H, 
both showed intense and reproducible transitions. 4.22-H started melting around 290°C (3.4 
J/g) and solidified again around 280°C (3.8 J/g) during the cooling cycle. The DSC trace and 
the relatively low enthalpies associated with the transitions of 4.22-H suggest that the 
polymer is semi-crystalline with weakly bound crystallites. The melt (275°C, 2.0 J/g) and the 
crystallization (270°C, 3.6 J/g) of 4.22-L are shifted towards lower temperatures compared to 
the higher molecular weight polymer, thus stressing the importance of polymer molecular 
weight for the physical properties. 
The X-ray diffraction spectra of drop-casted pristine and annealed IDT based polymer films 
were recorded and are shown in Figure 4.24. The XRD data is in good agreement with the 
DSC data and delivers strong evidence for the more pronounced semi-crystalline character of 
4.22 compared to 4.20 and 4.21. After thermal annealing at 180°C for 10 minutes, the 
diffraction peaks associated with lamellar stacking (~6°) increase in intensity and sharpen 
indicating the presence of more oriented crystallites. Furthermore the lamellar stacking 
distance decreased with thermal annealing from 14.2 Å to 14.0 Å. The crystallinity previously 
observed for the silicon bridged polymer 4.6 is nearly completely suppressed by the 
substitution of the linear side chains with branched 2-ethylhexyl chains in 4.21. Polymer 4.21 
shows similar semi-crystalline behaviour to 4.22, but the diffraction peaks are of very low  
 
Figure 4.23: DSC curves of the first heating cycle of 4.20 (left), 4.21 (middle) and 4.22 
(right) recorded at heating and cooling rates of 20°C/min., respectively. The DSC curves were 
recorded in a temperature range from 0°C to 350°C, but only the enlarged area of interest 
(225-325°C) is shown. Endothermic events are shown by positive peaks. 
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intensity before and after annealing indicating the presence of a smaller number of crystallites 
in the polymer film. The (100) stacking distance of 14.1 Å increased marginally by 0.4 Å 
upon annealing, which is still 2.5 Å smaller than the lamellar stacking distance observed for 
4.6. The branched 2-ethylhexyl side chain is shorter in length than the linear n-octyl ones on 
4.6, thus resulting in smaller lamellar stacking distances. On the other hand the branched 
chain is bulkier than the linear one, and should therefore increase the π-π stacking distances in 
4.21 compared to 4.6. However, this assumption is difficult to verify with the X-ray 
diffraction setup available because the scattering peaks associated with π-stacking are very 
broad as a result of poorly oriented polymer π-stacks. It is very difficult to fit the diffuse 
diffraction peaks properly and to extract accurate data regarding π-stacking distances. The 
analysis of the 4.20 diffraction pattern is less straight forward because of the absence of sharp 
and well-defined diffraction peaks. The presence of broad and weak diffraction peaks at low 
angles and the broad peak around 20°, suggests the coexistence of edge-on and face-on 
crystalline domains. However to unambiguously confirm this hypothesis further more 
detailed grazing incidence X-ray diffraction (GIXD) measurements would be needed. 
Nonetheless the crystalline domains in the 4.20 film are badly oriented, thus contributing to 
the more amorphous character of this polymer compared to 4.21 and 4.22. 
DSC and XRD data confirmed the dependence of the polymer’s microstructure on the nature 
of the bridging element. The germanium bridged polymer was found to be the most semi-
crystalline one, despite the bulky 2-ethylhexyl side chains on the polymer backbone, followed 
by the silicon bridged one and the amorphous carbon bridged polymer. The importance of the 
bridging atom and its influence on the polymer crystallinity is undeniable and it would be of 
interest to have a more detailed look at the different IDT monomers, in order to measure the 
different bond lengths and angles. Usually the molecular geometries are easily accessible 
through single crystal X-ray diffraction measurements. In case of the 2-ethylhexyl substituted 
monomers however, the high density of branched alkyl chains on the three IDT donors 
prevented crystallisation and no single crystal structures could be obtained to study the 
 
Figure 4.24: X-ray diffraction (XRD) patterns of drop casted films of pristine IDT based 
polymers on silicon substrates (A) and after annealing at 180°C for 10 minutes under inert 
atmosphere (B). 
Chapter 4: Silaindacenodithiophene containing polymers 
114 
molecular structure. Therefore the structural investigations will be limited to the B3LYP/6-
31G* energy minimized geometries of methyl substituted IDT, SiIDT and GeIDT presented 
in Figure 4.25. 
With carbon being the smallest of the three bridging atoms, it has the shortest bond length of 
1.53 Å and smallest bond angle of 128.35° between the central phenyl unit and the bridging 
atom. The angle between the methyl groups was calculated to be rather large (110.06°), which 
is believed to promote steric interactions with adjacent molecules and hinders 
macromolecular organization, thus providing a more amorphous character to 4.20. Using 
silicon or germanium as the bridging atom leads to a different molecular geometry. Both 
atoms have larger covalent radii (111 pm, respectively 120 pm), than carbon (76 pm) and 
therefore induce longer bond lengths. The longer bond lengths extend the solubilising side 
chains away from the fused aromatic ring system, making it more accessible for efficient π-π 
stacking. An additional structural feature of the GeIDT moiety is the smaller bond angle 
measured between the two methyl groups compared to SiIDT, which should expose the 
aromatic ring system further, thus allowing a stronger π-π stack and making GeIDT based 
polymers more crystalline. Even though the calculated geometries might not represent the 
actual bond lengths and angles found in a single crystal, they can nevertheless give useful 
insight on why the GeIDT based polymer is semi-crystalline, whereas the carbon bridged 
polymer 4.20 is amorphous. 
 
 
Figure 4.25: Top view (top) and side view (bottom) of B3LYP/6-31G* energy minimized 
structures of methyl substituted IDT, SiIDT and GeIDT, depicting the C-heteroatom bond 
lengths and various bond angles. 
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4.4.4 Optical Properties 
The bridging element however does not only influence the molecular packing, but also the 
optoelectronic properties of -conjugated polymers. The UV-vis. absorption spectra of all 
polymers were recorded in dilute chlorobenzene solution and in thin film (Figure 4.26). All 
absorption spectra show two main absorption bands, independent of the nature of the bridging 
atom. The weaker π-π* absorption bands appear around 400 nm and the more intense ICT 
absorption peaks extend from 500 to 700 nm in solution and solid state. The carbon bridged 
polymer 4.20 has the most red-shifted absorption spectrum, whereas the absorption features 
of 4.21 and 4.22 are nearly identical, with the maximum of 4.21 hypsochromically shifted by 
around 10 nm in solution and solid state (Table 4.6). 
According to the data in Figure 4.26 the overall peak shape and absorption maxima are 
defined by the nature of the bridging atom, but it is the molecular weight and purification that 
influence the vibronic structures of the peaks. In solution all three 4.20 polymers show 
identical absorption peaks and it is only in solid state where minor differences become 
apparent. The ICT absorption peak of all three polymer (4.20, 4.21 and 4.22) thin films 
presents a high energy shoulder, which is more defined for 4.21-L, indicating the higher 
tendency of this low molecular weight fraction to aggregate. 4.21-NP was the lowest 
molecular weight polymer of all and it is therefore not too surprising that the fractionation 
had the biggest impact on its absorption features. In solution the main absorption peak around 
600 nm is hypsochromically broadened by ~10 nm compared to both purified polymers. This 
blue-shift is likely to be caused by the low molecular weight of 4.21-NP. In solid state the 
 
Figure 4.26: Normalized UV-vis. absorption spectra of the various IDT based polymers in 
dilute chlorobenzene solution (top row) and thin-film (bottom row), spin-cast from 
chlorobenzene. 
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main absorption peaks of polymers 4.21 are quite similar to 4.20 and exhibit shoulders 
towards shorter wavelengths. Again the shoulders are more defined for the lower molecular 
weight factions and in case of 4.21-NP it resembles to a second absorption peak with a 
maximum at 592 nm. The observed differences in the absorption spectra between the purified 
and non-purified 4.21 polymers are believed to originate from the different molecular 
weights. The number average molecular weight of 4.21-NP is only 14 kg/mol compared to 17 
kg/mol, respectively 28 kg/mol, for the purified fractions (4.21-L and 4.21-H). The presence 
of low molecular weight oligomers in the polymer sample could lead to additional absorption 
peaks in solid state, thus influencing the shape of the shoulder at around 590 nm. 
In solution the absorption features of all 4.22 polymers are identical, but in solid state subtle 
differences are revealed. The non-purified polymer 4.22-NP has a well defined shoulder 
around 600 nm, which decreases in both purified fractions. Contrary to 4.21, this behaviour 
cannot be related to molecular weight differences because the molecular weights of 4.22-NP 
(32 kg/mol) and 4.22-H (37 kg/mol) are basically the same. However the weight dispersities 
of the purified fractions are significantly lower (≤ 1.5 ) than for 4.22-NP (2.3), meaning that 
most of the highly aggregating, low molecular weight material has been removed by recSEC, 
thus causing the shoulder at 600 nm to decrease in the absorption spectra of 4.22-L and 4.22-
H. 
Table 4.6: Optical properties and energy levels of 4.20, 4.21 and 4.22. 
   PESA DFT 
Polymer 
λmax soln.
 [a] 
(nm) 
λmax film
 [b] 
(nm) 
HOMO / 
LUMO [c] 
(eV) 
HOMO / 
LUMO [d] 
(eV) 
4.20 657 662 -5.3 / -3.6 -4.6 / -3.0 
4.21 614 636 -5.3 / -3.5 -4.7 / -3.0 
4.22 630 645 -5.2 / -3.5 -4.7 / -3.0 
[a] Measured in dilute chlorobenzene solution. [b] Spin-coated from 5 mg/mL chlorobenzene solution on glass 
substrate. [c] The LUMO energy is estimated by adding the absorption onset to the HOMO which was measured 
by PESA. [d] Determined by TD-DFT on the energy-minimized structure (B3LYP/6-31G*) with the bridging 
atom bearing two methyl substituents. 
Density functional theory calculation, using the B3LYP/6-31G* model, were performed on 
the different IDT-BT trimers with methyl substituted alkyl chains for simplicity. The 
quantum mechanical calculations predict higher lying frontier energy levels than the 
experimentally measured values. The highest HOMO energy level was predicted for polymer 
4.20 and slightly lower HOMO levels were calculated for the silicon and germanium 
containing polymers. However this trend could not be confirmed by PESA measurements. 
4.20 was found to have a similarly low lying HOMO as 4.21 (-5.3 eV) and that only the 
introduction of germanium bridging atoms causes an increase of 0.1 eV in the HOMO energy 
level. Similarly, the calculations predicted that the nature of the heteroatom should have no 
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influence on the LUMO energy level, but experimentally it was found that the carbon bridged 
polymer 4.20 has a slightly lower LUMO level than 4.21 and 4.22. 
For all polymers, the HOMO wave functions were delocalized over the entire polymer 
backbone, whereas the LUMO is majorly localized on the BT accepting moiety, as expected 
for a donor-acceptor polymer. The HOMO and LUMO wave function distributions of all 
polymers are depicted in Figure 4.27. 
 
Figure 4.27: Energy-minimized structure (B3LYP/6-31G*) of methyl-substituted IDT based 
trimers with visualization of the HOMO (top) and LUMO (bottom) wave function 
distributions. 
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4.4.5 Photovoltaic Properties 
The effect of molecular weight on OPV device performance has been previously investigated 
for P3HT and found to be quite dramatic.211, 212 Other related parameters essential for optimal 
solar cell performance include the weight average dispersity (Dw), the shape of the molecular 
weight profile, particularly at the low molecular weight tail, and the bulk purity.213, 214 The 
non-purified and fractionated polymers were tested under simulated 100 mW cm-2 AM1.5G 
illumination in BHJ solar cells using a conventional device architecture, 
ITO/PEDOT:PSS/Polymer:PC71BM/Ca/Al. The J-V curves and EQE spectra of the organic 
photovoltaic cells are presented in Figure 4.28 and the photovoltaic properties summarized in 
Table 4.7. 
All fractionated polymers performed better in OPV devices than their non-purified parent 
polymers and this independent of the respective molecular weights. The polymer 
fractionation did not have that much of an effect on the open-circuit voltages, but mainly on 
the current densities and the EQE spectra. Polymer 4.20-NP was the lowest performing 
carbon bridged polymer achieving a PCE of 4.4%, but after purification the performance 
could be increased to 5.5% for 4.20-L and 6.5% for 4.20-H. The increased JSC of 4.20-H 
compared to 4.20-L is believed to be related to the much higher molecular weight of 4.20-H. 
 
Figure 4.28: (Top) J-V characteristics of 4.20, 4.21 and 4.22 polymer:PC71BM solar cell 
under 100 mW/cm2 AM1.5G simulated solar illumination and (Bottom) external quantum 
efficiencies of the cells. 
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The J-V curves of the silicon and germanium bridged polymers (4.21 and 4.22) followed a 
similar trend and the device performances could be drastically improved with the fractionated 
polymers. It is noteworthy that the device VOC vary with the nature of the employed bridging 
atoms. The lowest VOC of around 0.80 V was measured for the 4.20 polymers, but could be 
improved by ~50 mV when germanium was used as bridging atom. The highest VOC could be 
obtained with the silicon bridged polymers 4.21, but unfortunately the devices were lacking 
the high current densities of 4.20 and 4.22 devices. The absorption spectra of polymers 4.21 
were blue shifted compared to 4.20 and 4.22, which resulted in lower current densities and 
consequently lower performances (4.6 – 5.8%). The absorption spectra of the 4.22 polymers 
were slightly red-shifted compared to 4.21. As a result the lower VOC in the 4.22 devices was 
compensated by higher JSC values, leading to a respectable PCE of 6.5% for the high 
molecular weight polymer 4.22-H. 
Table 4.7: Photovoltaic properties of the different IDT polymer solar cells, all devices made 
from oDCB with a 1:3.5 ratio of polymer:PC71BM. 
Polymer 
JSC 
(mA/ cm2) 
VOC 
(V) 
FF 
PCE 
(%) 
4.20-NP 11.45 0.79 0.49 4.4 
4.20-L 13.32 0.81 0.51 5.5 
4.20-H 14.48 0.80 0.56 6.5 
4.21-NP 9.60 0.92 0.52 4.6 
4.21-L 12.18 0.91 0.52 5.8 
4.21-H 12.68 0.88 0.50 5.6 
4.22-NP 10.08 0.86 0.58 5.0 
4.22-L 13.06 0.86 0.55 6.2 
4.22-H 13.95 0.85 0.55 6.5 
The effect of polymer purification and fractionation yielded unexpected results. Previously, 
different research groups observed that impurities, defects, terminal groups etc. acted as 
recombination centres, affecting all device parameters, i.e. JSC, VOC and FF.
124, 149, 165 In this 
study however the purification, respectively fractionation, mainly affected the current density 
leaving the other parameters more or less untouched (with the exception of 4.20, where the 
FF increases from slightly under 50 % to over 50%). This behaviour is somehow puzzling 
and difficult to explain exclusively on the basis of reduced recombination. Considering both 
J-V and EQE data, the increased photocurrent generation in the purified polymer devices can 
be attributed to reduced recombination and enhanced charge generation. 
The surface morphologies of the high and low molecular weight polymer fractions were 
probed by AFM and are shown in Figure 4.29. For polymers 4.20 and 4.21 no obvious 
differences between the low and high molecular weight blends were apparent. The polymers 
form a finely intermixed and homogenous blend with the PC71BM and the root mean squared 
(RMS) roughnesses do not exceed 0.5 nm. The germanium bridged 4.22:PC71BM blends on 
the other hand show significant differences between the different molecular weight fractions. 
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The 4.22-H blend morphology resembled the one of 4.20-H, showing a well intermixed 
morphology with a RMS roughness of 0.37 nm. The 4.22-L blend shows a coarser 
morphology with larger domains and rougher surface (RMS roughness of 0.82 nm). Despite 
the effect of different molecular weights on the surface morphologies, high PCEs could be 
achieved even for the blends with the slightly coarser morphologies. The blend morphology 
was further investigated by grazing incidence X-ray diffraction (GIXD) studies (Figure 4.30).  
The diffraction patters of all polymer: PC71BM blends are dominated by scattering from the 
PC71BM. Polymers 4.21 and 4.22 show weak scattering peaks (circled areas in Figure 4.30) 
in the region associated with lamellar stacking. The scattering is stronger for polymers 4.22, 
than for 4.21, which is consistent with the DSC data and the X-ray studies on neat polymer 
films. The scattering reveals the presence of domains of aggregated polymer in the blend 
film, but the low intensity of the scattering suggests that those domains are not very 
crystalline. For polymer 4.20, no scattering could be identified which supports the previously 
made assumption that the carbon bridged polymer is rather amorphous, this even more so 
when blended with PC71BM. 
 
 
Figure 4.29: AFM topography images of the different IDT polymers (tapping-mode, 2  2 
m) blended with PC71BM (1:3.5). 
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4.5 Conclusion 
A series of highly soluble indacenodithiophene derivatives have been synthesized and fully 
characterized. Due to the versatile synthetic pathway, it was possible to integrate different 
bridging elements into the indacenodithiophene unit and to alter structure of the solubilising 
alkyl side chains. The new donor units were successfully incorporated into donor 
semiconducting polymers by palladium catalyzed cross-coupling reactions. Depending on the 
polarity of the bridging bonds, either Stille or Suzuki coupling could be used. 
In a first study, the influence of polymer backbone fluorination on the device performances 
was investigated. The introduction of electron withdrawing fluorine increased the VOC in BHJ 
solar cells and decent power conversion efficiencies of over 4% could be achieved. One of the 
revealed issues when working with fluorinated polymers is their tendency to phase separate 
when blended with fullerene acceptors, as revealed by the AFM and TEM experiments. The 
pronounced phase separation observed in 4.8:PC71BM blends lead to very low photocurrents, 
which limited device performance despite the large open-circuit voltage (0.94 V). In field 
effect transistors, the new polymers achieved high hole mobilities. Interestingly the highest 
charge carrier mobilities were observed for the more amorphous SiIDT polymers, suggesting 
that the charges travel predominantly along the polymer backbone and not across the π-
stacking direction. 
In a second study the influence of the bridging atom on the optoelectronic properties and the 
effect of polymer molecular weight and purity on device performance were studied. The 
highest VOC could be obtained with the silicon bridge 4.21 polymers, whereas the carbon and 
germanium bridged polymers yielded the higher photocurrents and as a result thereof the 
highest PCE (6.5%). Even though a slight molecular weight effect was identified for 4.20, the 
effect was of less importance for the other two polymer families. However the polymer purity 
proved to be absolutely crucial for device performance. All the purified polymers performed 
 
Figure 4.30: “Out of plane” scattering (A and C) and “in plane” scattering (B and D) of 
polymer:PC71BM blends (1:3.5) spin-coated on ITO with PEDOT:PSS. The circled areas 
highlight polymer scattering and the PC71BM scattering is marked by arrows. 
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much better than their non-purified parent polymers and performance increases of 20 – 30% 
were witnessed. The increase in performance was due to significantly improved JSC values in 
the purified polymer devices. The exact reasons of these current increases are yet to be 
investigated, but it is speculated that reduced recombination and enhanced charge generation 
are contributing simultaneously. 
The fused IDT donor proved to be a highly versatile building block for plastic electronics. 
Not only can the bridging element be exploited to adjust the frontier energy levels, but its 
tetrahedral geometry allows attaching solubilising alkyl side chains, which in return can be 
used to alter the materials solid state morphology and improve device performances. 
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Science is built up with facts, as a house is with stones. 
But a collection of facts is no more a science 
than a heap of stones is a house. 
Henri Poincaré (1854 – 1912) 
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5.1 Introduction 
The large and rigid indenofluorene (IDF) and indacenodithiophene (IDT) building blocks 
have been specifically designed to reduce conformational disorder along the polymer 
backbone in order to increase the charge carrier mobilities.96, 186 Even though these polymers 
are lacking the long range order of highly crystalline polymers like pBTTT, impressive hole 
mobilities of 3.6 cm2/Vs could be achieved recently with C16IDT-BT.
187 The lack of long 
range order in IDT based polymers proved to be advantageous because the polymers 
performance was found to be more or less insensitive to processing conditions, making the 
device fabrication more economic and reproducible. IDT polymers however did not only 
prove interesting for transistor applications, but also viable as donor material in BHJ solar 
cells. The versatility of the IDT unit allows specifically tuning the blend morphology and 
influencing the photovoltaic characteristics, either by side chain optimisation or heteroatom 
substitution.185, 210, 215 Power conversion efficiencies of 6.5% could be achieved when the 
C2C6IDT-BT polymer was blended with PC71BM and this without the use of additives or 
thermal annealing.123 
Another fused donor building block that enjoyed great popularity in donor-acceptor polymers 
is cyclopenta[2,1-b:3,4-b’]dithiophene (CPDT).216 Initial device performances of CPDT-BT 
containing polymers were modest with power conversion efficiencies of only 3.5%.217 The 
use of additives however created a well intermixed polymer – fullerene active layer leading to 
improved device performances of 5.5%.66, 218, 219 Similar to IDT, CPDT offers the possibility 
to substitute the bridging carbon atom by silicon, yielding the new fused donor, dithieno[3,2-
b:2’,3’-d]silole (DTS). The copolymerization of DTS with N-alkylthieno[3,4-c]pyrrole-4,6-
dione (TPD) lead to a new high performing donor polymer that achieved a PCE of 7.3% in 
BHJ solar cells.220  
Both fused donor systems, IDT and DTS, proved to be very versatile and interesting building 
blocks for high performing organic semiconductors. In order to take advantage of the rigid 
character of IDT and the more electron rich nature of DTS, a new silicon bridged ladder type 
donor, thieno[3,2-b]thienobis(silolothiophene) (Si4T) was designed (Figure 5.2). By fusing 
six aromatic units, Si4T should allow increasing the effective conjugation length and 
reducing the conformational disorder even further compared to the IDT moiety. Additionally 
the tetravalent bridging silicon atoms offer the possibility to attach solubilising alkyl side 
 
Figure 5.1: Molecular structures of some high performing donor polymers with fused 
aromatic building blocks incorporated in their backbone. 
Chapter 5: Thieno[3,2-b]thienobis(silolothiophene) polymers 
125 
chains, which can be used to alter the crystallinity and the processability of the polymer. 
Similar to SiIDT, the introduction of silicon as a bridging atom into Si4T pushes the anti-
bonding lobes located on the adjacent butadiene segments further apart because of the 
increased silicon – carbon bond length. This reduction in anti-bonding energy stabilizes the 
HOMO energy level, which should result in higher VOC values in organic solar cells. In 
addition the LUMO energy level can be stabilized as well by so called σ*-π* conjugation, 
which arises from orbital mixing between the silicon’s σ* orbital and the π* orbital on the 
butadiene moiety.193 
Not only the heteroatom will have an effect on the electronic properties of the new hexacyclic 
Si4T, but so will the fused aromatic units as well. The substitution of the central benzene ring 
in the IDT unit with the more electron rich thieno[3,2-b]thiophene unit has been shown 
previously to promote the electron donating character of the monomer.221 However due to 
synthetic limitations, para-alkylated phenyl rings had to be used as solubilising side chains, 
which lead to unfavourable nanoscale morphologies in the active layer blends in BHJ solar 
cells, limiting the PCE to modest 2.5%.221, 222 The introduction of silicon as a bridging atom 
would remove those synthetic limitations, making the Si4T donor an interesting alternative to 
IDT and DTS. 
5.2 Synthesis of the Thieno[3,2-b]thienobis(silolothiophene) 
Monomer 
The synthesis of the new Si4T monomer was initiated by brominating the free α-positions of 
commercially available thieno[3,2-b]thiophene with N-bromosuccinimide (NBS) (Figure 
5.3). The 2,5-dibromothieno[3,2-b]thiophene (5.2) was converted into its 3,6 isomer (5.3) via 
halogen-dance reaction.223 To this point all the reactions were very high yielding, but iodating 
compound 5.3 proved more difficult. The electron withdrawing bromines on the 3 and 6 
positions deactivate the α-positions for electrophilic aromatic halogenation. At first the 
iodations was attempted in anhydrous DMF at 0°C, using N-iodosuccinimide (NIS) as iodine 
source.224 However no reaction was observed and the reaction mixture was heated to 60°C, 
resulting in a modest yield of 23%. In literature several reports can be found on halogenations 
of deactivated aromatics by using concentrated acids or Lewis acids.225, 226 Thiophenes and 
 
Figure 5.2: Design concept behind the novel hexafused thieno[3,2-b]thienobis 
(silolothiophene) (Si4T) donor unit. 
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their derivatives however decompose under strong acidic conditions and are known to 
polymerize in the presence of strong Lewis acids like ferric chloride. Hoffman et al. 
successfully brominated thiophene derivatives with NBS in glacial acetic acid.227 Compound 
5.3 was only poorly soluble in acetic acid though, therefore a solvent mixture of chloroform 
and acetic acid (2:1 v/v) was used to fully solubilise the starting material. At first the reaction 
yields for the iodations did not exceed 70%, but by adding 4.5 eq. of NIS and increasing the 
reaction time to 7 days, the yields could be increased to an excellent 95%. The reaction time 
is rather long, but made up by the facts that no side reactions were observed and that the 
tetrahalogenated compound 5.4 was insoluble in the solvent mixture of chloroform/acetic acid 
and could simply be filtered off after reaction. 
Neghishi coupling was chosen to assemble the quaterthiophene (5.5) because of its high 
reactivity and good selectivity as previously evidenced during the synthesis of the SiIDT 
moiety. In a first attempt the same reaction conditions as during the SiIDT synthesis were 
used, e.g. compound 5.4 and (3-bromothiophen-2-yl)zinc bromide were heated at 65°C in 
THF over night using tetrakis(triphenylphosphine)palladium as catalyst, but the formation of 
5.5 was not observed. In order to increase the reaction temperature, THF (bp = 66°C) was 
substituted for 2-methyltetrahydrofuran (bp = 80°C) as reaction solvent, but again the desired 
compound could not be isolated after reaction. In a next optimisation attempt microwave 
irradiation was employed to heat the reaction mixture. This had the advantage that the 
reaction concentration could be significantly increased and the THF heated to 100°C. This 
time the desired quaterthiophene 5.5 was recovered from the reaction mixture as a poorly 
soluble yellow solid. Knowing that the ring closure reaction has to be carried out at cryogenic 
temperatures, trimethylsilyl (TMS) groups were added to the free α-positions of 5.5 to 
increase its solubility and to avoid possible side reactions at these positions during the ring 
closure reaction. 
 
Figure 5.3: Synthetic route towards the novel Si4T monomer 5.9. 
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The crucial reaction step in the synthesis of the Si4T donor unit is the introduction of the 
dialkylsilane between the aromatic units of 5.5 in order to lock the ring system into a coplanar 
geometry. The four brominated positions of 5.5 were lithiated using n-butyl lithium at -78°C. 
After two hours the reaction mixture was quenched by slow and careful addition of the 
commercially available dichlorodioctylsilane. During the reaction work-up, it became 
apparent that the desired ringclosed compound 5.7 did not form. NMR spectroscopy and mass 
spectrometry confirmed this first assumption, but also revealed that neither mono ringclosed 
Si4T, nor any derivative of 5.6 were present as majority products in the isolated reaction 
compounds. Based on this initial data it seemed as if compound 5.6 decomposed during the 
lithiation step and indeed there are literature reports of ring-opening reactions on β-lithiated 
thieno[3,2-b] thiophenes.228 A possible ring-opening mechanism for the tetralithiated 
compound 5.6 is suggested in Figure 5.4. 
In order to avoid any ring-opening or decomposition of the tetralithiated species the reaction 
conditions were modified. First the reaction temperature was lowered to -90°C to slow down 
the reaction kinetics and the reaction time to form the tetralithiated species was reduced from 
two hours to 30 minutes. Second t-butyl lithium was used for the halogen-lithium exchange 
reaction to avoid possible side reactions with the n-butyl bromide formed after lithiation with 
n-butyl lithium. The reaction mixture was carefully quenched at -90°C by dropwise addition 
of dichlorodioctylsilane. This time the desired ring closed compound 5.7 was recovered from 
the reaction mixture after purification as a yellow solid in 31% yield. A single crystal could 
be grown from an acetonitrile/diethyl ether solvent mixture and X-ray diffraction studies 
confirmed both the chemical structure and the planarity of compound 5.7 (Figure 5.5). 
 
Figure 5.4: Possible ring-opening mechanism leading to the formation of multiple side 
products during the ring closure reaction. 
 
Figure 5.5: Single crystal structure of compound 5.7. 
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As discussed in the previous chapter, the silicon bridges are not suitable for Suzuki type 
cross-coupling reactions because of their instability to basic reaction conditions. The 
trimethylsilyl groups were selectively cleaved at -20°C and substituted for bromine (5.8). The 
temperature control for the trimethylsilyl cleavage with NBS was absolutely crucial for the 
success of the reaction. In case the reaction was carried out at 0°C, the NBS was no longer 
reacting selectively at the α-positions and the silicon bridges in 5.7 were cleaved as well. In a 
last step, the brominated compound 5.8 was selectively lithiated at the brominated α-positions 
with t-butyl lithium. After quenching the reaction mixture with trimethyltin chloride, the final 
distannylated monomer 5.9 could be isolated in excellent yield and purity as evidenced by the 
NMR spectra in Figure 5.6. 
 
Figure 5.6: 1H-NMR spectra of 5.7 (top), 5.8 (middle) and 5.9 (bottom) with the 
corresponding peak assignments. The residual solvent peaks of CDCl3 (*) and water (#) are 
labelled for completeness. 
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5.3 Thieno[3,2-b]thienobis(silolothiophene) Containing Polymers 
5.3.1 Polymer Synthesis 
In order to properly evaluate the potential of the new hexafused Si4T donor in 
semiconducting polymers it was decided to synthesize a series of six polymers via Stille 
coupling reaction, covering a wide range of different energy levels for transistor and organic 
solar cell applications. As already outlined in the previous chapter two different catalytic 
systems were used, depending on the nature of the aryl units to couple. In case the bis-
stannylated monomer 5.9 was coupled to a six-membered benzene ring, 
tetrakis(triphenylphosphine) palladium was used as catalyst in o-xylene (Condition A). To 
couple monomer 5.9 to a five-membered thiophene ring, tris(dibenzylideneacetone) 
dipalladium with tri(o-tolyl)phosphine as ligand was used as catalytic system in 
chlorobenzene (Condition B). All polymerizations were carried out in the microwave at 
elevated temperatures (> 100°C) independent of the polymerization conditions used. 
The reactive terminal groups on the crude polymers were reacted with 
trimethyl(phenyl)stannane, followed by bromobenzene. After precipitation into methanol, the 
polymers were purified by Soxhlet extractions in acetone, hexane and chloroform. The 
chloroform fraction was washed with an aqueous sodium diethyldithiocarbamate solution to 
remove residual palladium impurities.126 Afterwards all polymers were further purified by 
recSEC to minimize purity variations between the different polymers. The copolymerization 
of 5.9 with the donating thieno[3,2-b]thiophene (5.10) and the weaker acceptor thieno[3,4-
c]pyrrole-4,6-dione (5.11) yielded dark red fibrous materials, whereas the Si4T copolymers 
with the stronger acceptors, benzo[c][1,2,5]thiadiazole (5.12), 4,7-di(thiophen-2-yl) 
benzo[c][1,2,5] thiadiazole (5.13) and the fluorinated acceptor counterparts, 5,6-
difluorobenzo[c][1,2,5]thiadiazole (5.14) and 5,6-difluoro-4,7-di(thiophen-2-yl) 
benzo[c][1,2,5]thiadiazole (5.15), were recovered as dark blue polymer fibers. The molecular 
 
Figure 5.7: Synthesis of the Si4T based polymers; polymerization condition A: Pd(PPh3)4,  
o-xylene, microwave heating; polymerization condition B: Pd2(dba)3, P(o-tol)3, 
chlorobenzene, microwave heating. 
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weights and thermal decomposition temperatures of all polymers are summarized in Table 
2.2. 
Table 5.1: Molecular weights and thermal properties of the different Si4T polymer. 
Polymer 
Mn
 [a] 
(kg/mol) 
Mw
 [a] 
(kg/mol) 
Dw
 [a] DPn
 [b] 
Td
 [c] 
(°C) 
5.10 31 60 1.9 33 418 
5.11 21 26 1.2 20 423 
5.12 19 53 2.8 20 428 
5.13 22 38 1.7 20 425 
5.14 40 58 1.5 41 428 
5.15 9 14 1.6 8 420 
[a] Average molecular weight in number (Mn), in weight (Mw) and weight average dispersity Dw (Mw/Mn) as 
determined by SEC using narrow weight average dispersity (Dw < 1.10) polystyrene (PS) standards and 
chlorobenzene as eluent. [b] The degree of polymerization (DPn) is defined in this case as the number of 
repeating units. [c] Decomposition temperature (5% weight loss) determined by thermal gravimetric analysis 
under nitrogen. 
All Si4T polymers were obtained with good molecular weights and degrees of 
polymerization, except for 5.15 for which the number average molecular weight was only 9 
kg/mol. Synthetically, there is no reason why this polymer should be of lower molecular 
weight because high degrees of polymerization were previously achieved with the 5,6-
difluoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole monomer for similar polymers, i.e. 
polymer 4.9. The low molecular weight might therefore be related to a slight measuring error, 
resulting in an imbalanced monomer stoechiometry, which according to Carothers’ equation 
will limit the molecular weight dramatically. 
 
Figure 5.8: DSC curves of all Si4T polymers. Endothermic events are shown by positive 
peaks. 
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Contrary to the SiIDT polymers discussed in the previous chapter, the Si4T polymers showed 
barely any thermal transitions during the DSC measurements (Figure 5.8). For polymer 5.11 
a first event is identified around 150°C and attributed to a glass transition. A second weak 
endothermic transition was indentified at around 220°C (0.4 J/g) and reproduced at the same 
temperature during the cooling cycle. Based on the DSC data it seems that the substitution of 
the central benzene ring in SiIDT for thieno[3,2-b]thiophene in Si4T has a significant effect 
on the polymer morphology. To investigate if the Si4T polymers are more amorphous than 
the corresponding SiIDT polymers, a thin film of 5.14 was probed by X-ray spectroscopy and 
compared to its highly crystalline SiIDT counterpart (4.8) (Figure 5.9).  
The SiIDT containing polymer 4.8 shows sharp and intense diffraction peaks in the pristine, 
as well as in the annealed film. The lamellar stacking distance associated with those 
diffraction peaks was calculated to be 16.4 Å in the pristine and 16.6 Å in the annealed 
polymer film. For the Si4T based polymer 5.14 the picture is a bit more complex. First of all 
the diffraction peaks are of lower intensity, which points towards the presence of less 
crystallites in the thin film. Furthermore the peaks are not as well defined as for polymer 4.8. 
Before annealing the diffraction peak around 5° presents two maxima which indicate the 
presence of different crystallites in the polymer film. Upon thermal annealing at 180°C, the 
diffraction peak sharpens leading to the formation of one predominant crystallite orientation. 
The lamellar stacking distance was measured to be around 15.2 Å, slightly smaller than for 
polymer 4.8. In conclusion, the DSC and XRD both support the hypothesis that substituting 
the central benzene ring of SiIDT for thieno[3,2-b]thiophene leads to a reduction of the semi-
crystalline character of the corresponding Si4T polymers. 
5.3.2 Structural Implications on Optical Properties 
The UV-vis. absorption spectra of all polymers were recorded in chlorobenzene solution at 
room temperature and in thin film. The UV-vis. spectra are shown in Figure 5.10 and 
summarized in Table 5.2. Because of the broad range of comonomers used in the different 
 
Figure 5.9: X-ray diffraction (XRD) patterns of drop casted films of pristine 4.8 and 5.14 
polymers on glass substrates (A) and after annealing at 180°C for 10 minutes under inert 
atmosphere (B). 
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Si4T polymers, the absorption spectra spread over a wide range of the visible spectrum with 
the lowest absorption maximum in solid state at 581 nm and the highest one at 731 nm. This 
broad spread is caused by the fact that comonomers with different acceptor strength, 
respectively donor strength in case of 5.10, were used. Polymer 5.10 is not a donor-acceptor 
polymer, but a pure donor polymer composed of fused thiophene building blocks. Therefore it 
is no surprise that the absorption spectra of 5.10 are the most hypsochromically shifted of all. 
In solution the main absorption peak is featureless, but in the solid state absorption spectrum 
a low energy shoulder forms, which is most likely related to enhanced inter chain interaction 
in the thin films.229 Due to its large bandgap polymer 5.10 is not the ideal light absorbing 
polymer for organic solar cell applications, however its planar and rigid backbone make it a 
prime candidate as hole transporting material for OFET. 
Of all donor-acceptor polymers, 5.11 has the largest bandgap because of the weaker 
thieno[3,4-c]pyrrole-4,6-dione acceptor in its backbone. The polymer has one broad 
absorption band ranging from 500 nm to nearly 750 nm in solid state with two maxima at 615 
nm and 668 nm. In solution, polymers 5.12 and 5.14 present nearly identical absorption 
spectra and it is only in the solid state spectra where the fluorine substituents come to play. 
The absorption peak of 5.14 is red-shifted by 15 nm compared to the peak of 5.12, perhaps 
correlated to the higher number average molecular weight of 5.14. Furthermore the ICT 
absorption band (550 – 800 nm) of 5.14 shows a well defined high energy shoulder, whereby 
this shoulder is much less developed in the absorption peak of 5.12. The more pronounced 
vibronic features in the absorption spectrum of the fluorinated polymer 5.14 are believed to 
be caused by a reduction of rotational freedom, due to favourable attractive interactions 
between the sulphur’s lone pair electrons on the Si4T unit and the electronegative fluorine 
atoms on the adjacent benzo[c][1,2,5]thiadiazole unit (BT). Quantum mechanical calculations 
were performed to verify this hypothesis and the dihedral angle between the Si4T and the BT 
unit was found to be 3.87°. In the fluorinated polymer 5.14 however a slightly smaller angle 
of 2.87° was calculated. The barrier of planarization, which is defined as the difference 
 
Figure 5.10: Normalized UV-vis. absorption spectra of the different Si4T polymers in dilute 
chlorobenzene solution (left) and thin-film (right), spin-coated from chlorobenzene on glass 
substrate. 
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between the energy of the planar (constraint) and the fully optimized structure, of 5.12 was 
calculated to be 0.23 kJ/mol. In contrast only half the energy (0.12 kJ/mol) would be needed 
to planarize polymer 5.14, thus supporting the assumption of favourable attractive 
interactions between the Si4T’s sulphur lone pairs and the fluorine substituents on the 
adjacent BT acceptor.  
Table 5.2: Optical properties and experimental, respectively calculated energy levels of Si4T 
based polymers. 
   PESA DFT 
Polymer 
λmax soln.
 [a] 
(nm) 
λmax film
 [b] 
(nm) 
HOMO / 
LUMO [c] 
(eV) 
HOMO / 
LUMO [d] 
(eV) 
5.10 585 581 -5.0 / -3.1 -4.4 / -2.7 
5.11 605, 651 615, 668 -5.3 / -3.6 -4.7 / -2.9 
5.12 694 714 -5.0 / -3.4 -4.5 / -3.1 
5.13 628 651 -5.1 / -3.5 -4.5 / -3.1 
5.14 684 672, 731 -5.1 / -3.5 -4.6 / -3.1 
5.15 595 632 -5.1 / -3.4 -4.5 / -3.1 
[a] Measured in dilute chlorobenzene solution. [b] Spin-coated from 5 mg/mL chlorobenzene solution on glass 
substrate. [c] The LUMO energy is estimated by adding the absorption onset to the HOMO which was measured 
by PESA. [d] Determined by TD-DFT on the energy-minimized methyl substituted trimers (B3LYP/6-31G*). 
The introduction of thienyl spacers into the polymer backbone blue-shifts the absorption 
spectra of 5.13 and 5.15, compared to the ones of 5.12 and 5.14. However caution has to be 
exercised when analyzing these spectra because of the low molecular weight of 5.15, which is 
likely to cause the hypsochromic shift of around 20 nm compared to the absorption peak of 
5.13 in solid state. The degree of polymerization of 5.15 was calculated to be no higher than 8 
repeating units, which is believed to be too short for the polymer to reach its effective 
conjugation length, thus blue-shifting the absorption spectrum. In addition the absorption 
band has a high energy tail all the way down towards the short wavelengths. This tailing is 
most likely not caused by intrinsic absorption of the polymer, but by absorption of low 
molecular weight components undoubtedly present in this polymer.  
One of the motivations behind the synthesis of the new Si4T monomer was to increase the 
effective conjugation length by designing a larger coplanar donor unit. In Figure 5.12 are 
depicted some of the key distances and angles, obtained from the crystal structures of SiIDT 
and Si4T, respectively. By comparing both structures, it turned out that the Si4T unit is 
indeed by 0.97 Å larger than the SiIDT unit and this because of the larger central aromatic 
unit. By considering each donor as an isolated conjugated system, this difference of 0.97 Å 
would translate into a bandgap reduction of 0.2 meV, but how does it affect the electron 
delocalization in donor-acceptor polymers? For this purpose the UV-vis. absorption spectra of 
5.12, 5.13 and 5.14 were compared to the absorption spectra of their SiIDT containing 
counterparts, polymers 4.6, 4.7 and 4.8 (Figure 5.11). 
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All Si4T absorption spectra are bathochromically shifted compared to their SiIDT containing 
counterparts and this both in solution and solid state. Because all compared polymers are of 
reasonably high molecular weight, it is believed that the observed red-shift originates from 
improved electron delocalization as a result of a more rigid polymer backbone, rather than 
from molecular weight effects. The most significant red-shifts were observed for the BT (4.6 
and 5.12) and 2FBT (4.8 and 5.14) containing polymers, which is a result of their pronounced 
donor-acceptor character. Si4T is a stronger donor (higher HOMO) than SiIDT, which will 
lead to smaller bandgaps when copolymerized with strong acceptors like BT or 2FBT. This 
effect is weaker in the 5.13 polymer because the additional thiophenes units make the DTBT 
unit a slightly weaker acceptor, thus blue-shifting the absorption spectrum. The absorption 
spectra of 5.12 and 5.14 are bathochromically shifted by over 80 nm compared to 4.6, 
respectively 4.8, but otherwise very similar in shape. The absorption spectrum of 5.13 is also 
significantly red-shifted (~30 nm), leaving little doubt that the introduction of the large and 
rigid Si4T unit into the polymer backbone reduces conformational disorder and as a result 
improves electron delocalization. 
The frontier energy levels of all Si4T polymers were estimated by PESA and a graphical 
representation is shown on Figure 5.13. The lowest HOMO energy level was measured for 
 
Figure 5.12: Geometrical comparison of the crystal structures of SiIDT (left) and Si4T 
(right), highlighting some key distances and angles. For clearness, the alkyl chains were 
shortened to methyl substituents and hydrogen atoms are not shown. 
 
Figure 5.11: Comparison between UV-vis. absorption spectra of different SiIDT and Si4T 
containing polymers in solution (dashed lines) and in thin film (solid lines). 
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polymer 5.11 with -5.3. The TPD acceptor has been previously reported to lower primarily 
the HOMO energy level, leading to slightly larger bandgaps (~0.1 eV) than for BT containing 
polymers.230 The HOMO energy levels of all BT containing polymers were estimated at -5.1 
to -5.0 eV. The inductively electron withdrawing nature of the fluorine substituents on 5.14 
lead to a 0.1 eV lower HOMO energy level compared to 5.12, but at the same time the 
bandgap was not affected because simultaneous stabilisation of the LUMO energy level of 
5.14. For polymer 5.15, no stabilization of the LUMO level compared to 5.13 is observed. 
This might have two reasons. First of all 5.15 is a low molecular weight polymer, which 
might not yet have reached its full effective conjugation length and because the LUMO is 
determined by adding the optical bandgap to the HOMO energy level, it could well be that an 
error was introduced at this stage by considering the bandgap of an oligomer and not of the 
proper fully conjugated polymer. The second possibility is the mesomeric donating character 
of the fluorine substituents, which has been reported by Bronstein et al. to counteract the 
inductively withdrawing effect, thus possibly leading to a bandgap widening compared to the 
non-fluorinated polymer 5.13.202 The largest bandgap and highest HOMO energy level were 
measured for the polythiophene polymer 5.10. Its HOMO level was estimated at -5.0 eV with 
an optical bandgap of 1.9 eV, which is comparable to the HOMO energy levels and bandgaps 
typically measured for polythiophenes.168 
Density functional theory (DFT) calculations were performed on energy-minimized structures 
of methyl-substituted Si4T trimers using the B3LYP/6-31G* model (Figure 5.14). All 
trimers were predicted to be coplanar, allowing for efficient electron delocalization between 
the different building blocks. Depending on the comonomer choice however, the polymer 
backbone is more or less curved. According to the modeled trimer structures, polymers 5.10 
and 5.11 have linear rod-like backbones, whereas all other polymers should have more curved 
“zig-zag”-like backbones. Especially in case of 5.10, which was designed for OFET 
applications, the reduced conformational disorder should be advantageous for charge 
 
Figure 5.13: Graphical representation of the HOMO and LUMO energy levels of the various 
Si4T polymers. 
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transport and the predicted backbone conformation resembles strongly to the rod-like 
backbones of pBTTT or PQT.166 
The choice of comonomer also plays an important role when it comes to the HOMO and 
LUMO wave function distribution. For polymers 5.10 and 5.11, both wave functions are 
homogenously distributed along the full length of the polymer backbone. For all BT 
containing polymers on the other hand, the HOMO wave function is well delocalized over 
both donor and acceptor parts of the polymer backbone, whereas the LUMO is majorly 
localized on the electron accepting BT units. 
 
Figure 5.14: Energy-minimized structure (B3LYP/6-31G*) of methyl-substituted Si4T 
containing trimers with visualization of the HOMO (left) and LUMO (right) wave function 
distributions. 
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5.3.3 Photovoltaic Properties 
The low bandgap polymers (5.11 to 5.15) were tested in BHJ solar cells, using a conventional 
device architecture, ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al. The active layer was 
composed of a 1:3.5 (w/w) blend of polymer and PC71BM deposited from o-dichlorobenzene 
(oDCB). The J-V curves and EQE spectra of all devices are shown in Figure 5.15 and the 
photovoltaic key parameters are summarized in Table 4.7. 
The highest VOC in the solar cell devices was measured for 5.11, which correlates well with 
its low lying HOMO energy level. Unfortunately the high VOC could only be translated into 
modest PCE values (3.5%) because the cell was limited by average current densities (9.42 
mA/cm2) and low fill factor (0.46). Low current densities and fill factors are a common 
feature of thienopyrrolodione containing polymers, but can often be avoided by using 
processing additives such as diiodooctane (DIO).23, 220 In this work however it was 
intentionally decided to renounce the use of processing additives because the aim was to 
evaluate the potential of the new Si4T building block in OPV devices and not to achieve the 
highest possible efficiencies by using additives.  
The lowest VOC (0.61 V) was observed with polymer 5.13 and in combination with the low 
FF, the device PCE did not exceed 2.4%, the lowest value of all Si4T polymers. The second 
polymer with thienyl spacers in the polymer backbone (5.15) performed similarly bad and the 
device PCE was marginally higher with 2.9%, mainly due to an increased fill factor. The very 
poor performance of these two polymers was unexpected because in case of the SiIDT 
polymers, the ones with thienyl spacers (4.7 and 4.9) were amongst the highest performing 
devices. In case of 5.15, one could argue that the poor performance is related to the low 
molecular weights of this polymer, but the molecular weight of 5.13 should be sufficiently 
high to avoid such negative effects. Furthermore the UV-vis. absorption spectra of the Si4T 
polymers had been shown to be significantly red-shifted compared to the corresponding 
SiIDT spectra, but the improved absorption properties are not reflected in increased current 
densities. Both polymers (5.13 and 5.15) actually show identical current densities to the 
 
Figure 5.15: (Left) J-V characteristics and (right) EQE spectra of Si4T polymer:PC71BM,  
devices under 100 mW/cm2 AM1.5G simulated solar illumination. 
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SiIDT polymer (4.7 and 4.9) and this despite red-shifted EQE spectra. In case of the SiIDT 
polymers, high EQE responses (>0.4) were measured between 400 and 650 nm, and only 
beyond 650 nm the polymers’ responses started to drop quickly. In case of the Si4T polymers 
(5.13 and 5.15) however the EQE response is high between 400 and 600 nm, but then 
gradually drops towards the longer wavelengths, thus not taking advantage of the 50-100 nm 
red-shifted absorption. 
Table 5.3: Photovoltaic properties of the different Si4T polymer solar cells, all devices made 
from oDCB with a 1:3.5 ratio of polymer:PC71BM. 
Polymer 
JSC 
(mA/ cm2) 
VOC 
(V) 
FF 
PCE 
(%) 
5.11 9.42 0.80 0.46 3.5 
5.12 9.69 0.67 0.43 2.8 
5.13 8.76 0.61 0.44 2.4 
5.14 14.07 0.77 0.51 5.5 
5.15 8.52 0.66 0.52 2.9 
Contrary to the SiIDT polymers (4.6 and 4.8), the fluorinated benzothiadiazole Si4T polymer 
(5.14) was much higher performing than its non-fluorinated counterpart 5.12. The VOC of 5.14 
was slightly lower than for 5.12, but the with a significantly higher current density and fill 
factor the polymer reached a PCE of 5.5%, compared to only 2.8% for 5.12. Because the 
performance differences between 4.8 and 5.14 are so striking, the photovoltaic properties of 
both polymers are compared in Figure 5.16. The VOC of 5.14 is 0.17 V lower than for 4.8, 
which is in good agreement with the 0.3 eV higher HOMO energy level of 5.14. However the 
lower VOC is more than compensated by the four times higher JSC (14.07 mA/cm
2) in the 5.14 
device, leading to a device efficiency of 5.5%. The much higher currents of the Si4T device 
can be partially explained by the significant red-shift (~80 nm) of the 5.14 absorption spectra, 
leading to improved photon absorption and thus higher photocurrents. 
 
Figure 5.16: (Left) J-V characteristics and (right) EQE spectra of 4.8:PC71BM and 
5.14:PC71BM devices under 100 mW/cm
2 AM1.5G simulated solar illumination. 
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Another reason for the high currents in the 5.14 is the very high (> 0.4) and broad EQE 
response between 350 and 780 nm. In case of the 4.8 device the EQE response was very low 
(< 0.2), which was later on attributed to unfavourable phase separation in the active layer 
blend, leading to charge extraction barriers. Based on these findings it is likely that 
morphological changes will be at the origin of the improved EQE response, respectively 
device performance of 5.14. 
 
Figure 5.17: AFM topography (left column), phase (middle column) and 3D topography 
(right column) images (tapping-mode, 2  2 m) of all Si4T poylmer:PC71BM (1:3.5) blends, 
spin-cast from o-dichlorobenzene. 
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The polymer:PC71BM blend surface morphologies were probed by AFM and the 
corresponding images are shown in Figure 5.17. All blends form homogenous and smooth 
films when spin-casted from o-dichlorobenzene. Polymers 5.11 and 5.12 form very smooth 
films (RMS roughness ~0.2 nm) with a finely intermixed microstructure. The blend films of 
5.13 and 5.15 cover the substrate homogenously and the films are relatively smooth (RMS 
roughness 0.4 -0.5 nm). Interestingly both films have pin hole like structures of different 
sizes. In the 5.13 film the pin holes have diameters between 20 to 60 nm and are about 2 - 4 
nm deep, whereas in the 5.15 film the pin holes are larger (Ø = 40 - 80 nm) and marginally 
deeper. It is not clear why these pin holes form, but they could be caused by the inclusion of 
some impurity in the blend film. The blend film of the best performing polymer 5.14 is the 
roughest one of all with an RMS roughness of 1.04 nm. Also the film contains some granular 
features, probably caused by the higher molecular weight components of the polymer, known 
to phase separate from the PC71BM.
212 The phase image of 5.14, indicates some phase 
change, i.e. fullerene rich and poor domains, independent of the surface topography. After all 
the AFM images of 5.14 are the exact opposite of the ones obtained for 4.8. No large phase 
separation is observed for 5.14, pointing towards the conclusion that 5.14 is performing better 
in OPV devices than 4.8 purely for morphological reasons. It is speculated that the more 
amorphous character of 5.14 (see Figure 5.9) is preventing the formation of the large features 
previously observed in the 4.8 blends, leading to a well percolated blend morphology and 
high power conversion efficiencies.  
5.3.4 Organic Field Effect Transistors 
To study the charge carrier mobility, OFET devices were prepared for polymers 5.10 and 5.13 
only. Polymer 5.10 was specifically designed for transistor applications and is expected to 
yield decent performances. The SiIDT counterpart of 5.13 was the highest performing hole 
transporting polymer of all SiIDT polymers and carrier mobilities of 5.13 can be directly 
compared to the one of 4.7 to judge the suitability of Si4T polymers for transistor 
applications. Ideally, 5.15 should be tested as well to compare its performance to 4.9, but the 
low molecular weight would falsify any results and therefore this plan was abandoned. Top 
gate – bottom contact (TGBC) OFET devices were prepared with both polymers using 
commercially available CYTOP, a fluoropolymer, as dielectric and aluminium as gate 
electrode. The semiconducting layer was spin-coated from oDCB and to ensure the complete 
evacuation of the solvent from the polymer layer the devices were annealed at 150°C during 
10 minutes. 
The initial hole mobility for 5.10 was measured to be 0.022 cm2/Vs with a low threshold 
voltage of -6 V (Figure 5.18). This mobility is one order of magnitude lower than the initial 
hole mobilities reported for pBTTT. To increase the hole mobility, the device was thermally 
annealed during 10 minutes at 200°C. The annealing turned out to have barely any effects on 
the device parameters. The hole mobilities decreased marginally and at the same time the 
threshold voltage increased to -9 V (Table 3.8). The high charge carrier mobilities achieved 
with pBTTT are the result of long range three dimensional order as a result of the rigid 
backbone and alkyl chain interdigitation.166 5.10 is structurally very similar to pBTTT and 
the backbone is actually stiffer because of the two silicon bridges. However there is one 
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fundamental difference between both polymers. In 5.10 the solubilising alkyl chains are not in 
the same plane as the polymer backbone because they are attached to tetrahedral silicon 
atoms, thus directed out of the polymer backbone plane. In pBTTT on the other hand the 
alkyl chains are attached to a sp2 hybridized carbon and are in the same plane as the 
conjugated backbone, resulting in very short π-stacking distances (~3.8 Å) and side chain 
interdigitation with alkyl chains of neighbouring polymer chains. The charge carrier 
mobilities in polythiophenes are known to be very sensitive to molecular order and polymer 
5.10 is likely to lack long range order based on its initial DSC data and X-ray diffraction 
studies of other Si4T polymers, showing that the central thieno[3,2-b]thiophene in Si4T is 
suppressing polymer crystallinity compared to SiIDT polymers. 
Table 5.4: OFET device characteristics of TGBC devices with 5.10 and 5.13 as 
semiconducting layer. 
Polymer 
Annealing 
Temperature 
(°C) 
µsat
 [a] 
(cm2/Vs) 
µlin
 [b] 
(cm2/Vs) 
VT 
(V) 
Ion/Ioff
 [c] 
5.10 150 0.022 0.020 -6 ~103 
 200 0.016 0.017 -9 ~103 
5.13 150 0.048 0.048 2 ~103 
 200 0.088 0.074 -21 ~103 
[a] μ sat refers to the maximum hole mobilities measured in the saturation regime. 
[b] μ lin refers to the highest hole 
mobilities measured in the linear regime. [c] The ON-OFF ratios (Ion/Ioff) were extracted from the linear regime. 
In case of polymer 5.13 the thermal annealing at 200°C allowed to double the hole mobility 
from 0.048 cm2/Vs to 0.088 cm2/Vs. Unfortunately the threshold voltage in the annealed 
(200°C) device was also 10 times higher, which suggests an increased trap density. Compared 
to polymer 4.7, the hole mobilities of 5.13 were one order of magnitude lower, but both 
polymers also share the drawbacks of high threshold voltages and low on/off ratios. Overall 
the differences between 4.7 and 5.13 are less striking than the ones previously observed 
between SiIDT and Si4T polymers in OPV devices. Nevertheless further device optimisation 
has to be carried out on the Si4T polymers to make them viable semiconducting materials for 
high performing OFET applications. 
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5.4 Conclusion 
In an eight step high yielding synthesis (10% overall) a new thieno[3,2-b]thienobis 
(silolothiophene) (Si4T) donor unit was synthesized and fully characterized. The introduction 
of the new donor into six different semiconducting polymers was achieved via Stille cross-
coupling reaction. The incorporation of the large hexafused Si4T donor moiety reduces the 
conformational disorder in the polymer chains, leading to an improved electron delocalization 
and to significantly red-shifted UV-vis. absorption spectra.  
Power conversion efficiencies of bulk heterojunction solar cells based on the new polymers 
ranged from 2.4 to 5.5%. The PCEs were heavily limited by low current densities and average 
fill factors, despite the satisfactory open-circuit voltages obtained in most cases. Polymer 5.14 
however achieved high current densities of 14.07 mA/cm2 in BHJ solar cells, which 
ultimately translated into a device efficiency of 5.5%, and this without the use of solvent 
additives or post deposition thermal annealing. Interestingly, this same polymer motif (4.8) 
achieved only 1.7% PCE when SiIDT was used as donor building block instead of Si4T. 
Both building blocks and polymers were compared in depth and revealed that morphological 
differences are at the origin of this important performance increase. Si4T containing polymers 
 
Figure 5.18: Transfer curves and output characteristics of 5.10 (left) and 5.13 (right) in 
TGBC devices on glass substrate, PFBT treated gold electrodes, CYTOP dielectric and 
aluminium gate electrode, annealed at 150°C during 10 minutes (top row) and at 200°C 
during 15 minutes (bottom row). 
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are not as semi-crystalline as their SiIDT counterparts and as a result the large phase 
separation observed in 4.8:PC71BM blends could be avoided in the 5.14 active layer blends. 
On the other hand, transistor devices based on Si4T polymers did not quite achieve the same 
performances as with SiIDT polymers. The highest hole mobility of 0.088 cm2/Vs was 
measured for polymer 5.13, compared to 0.28 cm2/Vs when the corresponding SiIDT 
polymer was employed in the semiconducting layer. Nevertheless, the new Si4T moiety 
proved to be a useful and promising building block for semiconducting polymers. It has been 
demonstrated in Chapter 4 how alkyl chains and bridging atoms can be used to modify a 
polymer’s microstructure. Si4T now adds the central aromatic unit to this chemical tool box. 
SiIDT polymer cristallinity could be reduced simply by substituting the central phenyl ring in 
the SiIDT unit for a thieno[3,2-b]thiophene moiety. This is a new versatile approach to 
influence polymer morphology, which opens up new perspectives for the design of 
semiconducting polymers. 
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I have not failed. 
I’ve just found 10,000 ways that won’t work. 
Thomas Edison (1847 – 1931) 
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6.1 General Procedures 
All solvents and chemicals were purchased from commercial suppliers (Aldrich, Alfa Aesar 
and VWR) unless otherwise specified. Dichlorodioctylsilane was purchased from Fluorochem 
and thieno[3,2-b]thiophene was obtained from Wawei Chemicals. Palladium catalysts were 
obtained from Strem Chemicals. Anhydrous THF and diethyl ether was purchased from 
Aldrich and used as received. Reactions were carried out under a protective argon atmosphere 
using standard Schlenck techniques. Microwave experiments were performed in a Biotage 
initiator V 2.3. Column chromatography was carried out on silica gel (Merck Kieselgel 60) or 
on Biotage ZIP 80g columns. Thin layer chromatography was performed on Merck TLC 
F254 silica gel 60 plates, developed under 254 or 336 nm ultraviolet light. 
1H NMR and 13C NMR spectra were recorded on a Bruker AV-400 or Bruker AV-500 
spectrometer at 298 K in CDCl3, unless otherwise noted. Polymer 
1H NMR were recorded on 
a Bruker DRX400 at elevated temperatures as stated. Chemical shifts are given in ppm and 
coupling constants reported in Hz. The residual solvent peaks were used as internal 
references. A customer build Shimadzu recSEC system was used to fractionate the polymers. 
The system comprises a DGU-20A3 degasser, an LC-20A pump, a CTO-20A column oven, 
an Agilent PLgel 10μm MIXED-D column and a SPD-20A UV detector. Number-average 
(Mn) and weight-average (Mw) molecular weights were determined with an Agilent 
Technologies 1200 series SEC in chlorobenzene at 80°C, using two PL mixed B columns in 
series, and calibrated against narrow weight average dispersity (Dw < 1.10) polystyrene 
standards. The high temperature SEC measurements using 1,2,4-trichlorobenzene as eluent 
were performed by Merck at Merck Chemicals Ltd - Chilworth Technical Centre. 
Electrospray (ESI) and Electron Ionisation (EI) mass spectrometry were performed with a 
Micromass LCT Premier, respectively a Micromass AutoSpec Premier. X-ray 
crystallographic analysis on single crystals was obtained by Dr. Andrew J. P. White 
(Department of Chemistry, Imperial College) on an Oxford Diffraction Xcalibur 3 
diffractometer. UV-vis. absorption spectra in solution and thin film were recorded on a UV-
1800 Shimadzu spectrometer. Photo Electron Spectroscopy in Air (PESA) measurements on a 
Riken Keiki AC-2 PESA spectrometer with a power setting of 5 nW and a power number of 
0.5. AFM images were obtained with a Picoscan PicoSPM LE scanning probe in tapping 
mode, except for the the AFM images in Chapter 4.3, which were recorded on an Agilent 
Technologies 5500 AFM. TEM images were recorded on a high-resolution JEOL 2010 TEM 
(80-200 kV) with interchangeable pole-pieces. DSC experiments were carried out with a TA 
Instruments DSC Q20 under nitrogen atmosphere. TGA measurements were obtained with a 
Perkin Elmer Pyris 1 TGA at a scan rate of 10°C/min from 100°C to 600°C under protective 
nitrogen atmosphere. X-ray diffraction (XRD) measurements on thin films were carried out 
with a PANALYTICAL X’PERT-PRO MRD diffractometer equipped with a nickel-filtered 
Cu Kα1 beam and a X’ CELERATOR detector, using a current of 40 mA and an accelerating 
voltage of 40 kV. 
The grazing-incidence X-ray diffraction (GIXD) measurements in Chapter 3 were performed 
using a high-power X-ray beam (photon ﬂux; 2×1013 photons s-1 mrad-1 per 0.1%, beam size 
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≤ 0.5 mm2) from a synchrotron radiation source (3C beamline, Pohang Accelerator 
Laboratory, South Korea) at k = 1.1746 Å. The detection system was equipped with a two-
dimensional X-ray detector (Rayonix 2D MAR165, USA). Scattering angles were corrected 
according to the positions of the X-ray beams reﬂected from the silicon substrate interface 
with changing incidence angle and with respect to precalibrated silver behenate (TCI, Japan). 
The grazing-incidence X-ray diffraction (GIXD) measurements in Chapter 3 and Chapter 4 
were done at beam line 11-3 at the Stanford Synchrotron Radiation Laboratory (CA, USA). 
The measurements were done with a beam energy of 12.735 keV and an incidence angle of 
0.12°. The samples were enclosed in a He environment to limit beam damage and reduce air 
scattering. The data was collected using a MAR345 image plate. The measurement was 
calibrated using a LaB6 crystal standard. 
Cyclic voltamograms (CV) were obtained using a cylindrical platinum working electrode and 
a platinum mesh counter electrode in acetonitrile at a potential scan rate of 10 mV∙s-1. Ag/Ag+ 
was used as reference electrode and calibrated against ferrocene. All the measurements were 
carried out in an argon-saturated solution of 0.1 M of tetrabutylammonium 
hexafluorophosphate (n-Bu4NPF6) in anhydrous acetonitrile. 
6.2 Experimental Procedures for Chapter 2 110, 152, 154, 231, 232 
Optimized devices for the molecular weight study (2.3.2.4 Effect of Molecular Weight on 
OPV Performance) were fabricated with the fractionated 2.24 polymers co-dissolved with 
PC71BM (Solenne BV) in a chloroform/o-dichlorobenzene (4:1) mixed solvent with a weight 
ratio of 1:2 and a 25 mg/ml concentration. ITO substrates with sheet resistance 15 Ωsq−1 
(PsioTec Ltd, UK) were sonicated in detergent, acetone and isopropanol sequentially and then 
treated in an oxygen plasma asher (100 W, 7 min). PEDOT:PSS was spin-coated over the 
ITO substrates at 3500 rpm and baked on a hot plate at 150°C in air for 20 min. The 
2.24/PC71BM solutions were spin-coated onto the PEDOT:PSS layer at the optimum for this 
blend 3000 rpm in air and transferred to a nitrogen glove box (<10 ppm O2, H2O), where 
Ca/Al (25 nm/100 nm) electrodes were deposited by thermal evaporation under vacuum. 
Device area was 0.045 cm2. J-V curves were measured with a 150 W xenon arc lamp filtered 
to simulate AM1.5 conditions (LOT Oriel) and a Keithley 238 source measure unit. EQE 
spectra were measured using a 100 W Tungsten-Halogen lamp. The photocurrent was 
measured using a Keithley 2400 source meter. A calibrated silicon photodiode with 
appropriate long pass filters was used as a reference in the J-V and EQE measurements. 
Devices with the random terpolymers (2.3.3 Random Benzotrithiophene-Based Donor-
Acceptor Copolymers) were fabricated with a conventional device configuration 
(ITO/PEDOT:PSS/polymer:PC71BM/LiF/Al) and tested under simulated 100 mW/cm
2 
AM1.5G illumination. Devices were in all cases prepared with a polymer:PC71BM blend ratio 
of 1:2 and solution processed from a chloroform:o-dichlorobenzene (4:1) solvent mixture. 
Device area was 0.045 cm2. J-V curves were measured with a 150 W xenon arc lamp filtered 
to simulate AM1.5 conditions (LOT Oriel) and a Keithley 238 source measure unit. EQE 
spectra were measured using a 100 W Tungsten-Halogen lamp. The photocurrent was 
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measured using a Keithley 2400 source meter. A calibrated silicon photodiode with 
appropriate long pass filters was used as a reference in the J-V and EQE measurements. 
2,3-Dibromo-5-nonanoylthiophene (2.5). 233 
 
To an ice-cooled solution of commercially available 2,3-dibromothiophene (2.4) (25.24 g, 
104.3 mmol) and nonanoyl chloride (22.0 mL, 117 mmol) in dichloromethane (200 mL) was 
added aluminium chloride (18.3 g, 137 mmol) portion-wise during 15 min. The reaction 
mixture was stirred for 2 h and then quenched with ice-cold hydrochloric acid (2 M, 400 mL). 
The quenched reaction mixture was extracted with dichloromethane and dried over anhydrous 
magnesium sulphate; removal of the solvent afforded the crude product, which was extracted 
with hexane and subsequently concentrated to afford the title compound (38.2 g, 100 mmol, 
96% yield) as a brown oil, which was used in the next step without further purification. 1H 
NMR (400 MHz, CDCl3): δ 7.44 (s, 1H), 2.78 (t, J = 7.3 Hz, 2H), 1.69 (m, 2H), 1.26 (m, 
10H), 0.85 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 191.9, 144.8, 133.7, 121.4, 
115.1, 38.8, 32.0, 29.5, 29.4, 29.3, 24.7, 22.8, 14.3. MS: m/z 380 (M+), 282 (100, M-C7H14). 
HRMS (EI): m/z calcd for C13H18Br2OS (M
+) 379.9445 found 379.9450. 
2,3-Dibromo-5-hexadecanoylthiophene (2.6). 233 
 
To an ice-cooled solution of 2,3-dibromothiophene (2.4) (25.30 g, 104.6 mmol) and palmitoyl 
chloride (31.70 g, 115.3 mmol) in dichloromethane (200 mL) was added aluminium chloride 
(18.05 g, 135.4 mmol) portion-wise during 15 min. The reaction mixture was stirred for 2 h 
and then quenched with ice-cold hydrochloric acid (2 M, 400 mL). The quenched reaction 
mixture was extracted with diethyl ether and dried over anhydrous magnesium sulphate; 
removal of the solvent afforded the title compound (49.74 g, 103.6 mmol, 99% yield) as an 
oily yellow solid. 1H NMR (400 MHz, CDCl3): δ 7.43 (s, 1H), 2.76 (t, J = 7.3 Hz, 2H), 1.67 
(m, 2H), 1.21 (m, 24H), 0.84 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3): δ 191.7, 
144.8, 133.6, 121.3, 115.0, 38.7, 32.1, 29.8, 29.8, 29.6, 29.5, 29.4, 24.6, 22.9, 14.3. MS:  m/z 
478 (M+), 282 (M-C14H28). HRMS (EI): m/z calcd for C20H32Br2OS (M
+) 478.0541 found 
478.0535. 
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5-Nonanoyl-2,3-bis(3-thienyl)thiophene (2.7). 
 
A suspension of 2.5 (13.37 g, 34.99 mmol), thiophene-3-boronic acid (10.49 g, 81.98 mmol) 
and sodium carbonate (42 g, 0.40 mol) in toluene (110 mL), ethanol (110 mL) and water (110 
mL) was degassed by bubbling with argon during 2 hours. Then tetrakis 
(triphenylphosphine)palladium(0) (1.05 g, 0.91 mmol) was added and the reaction mixture 
was heated to reflux for 24 h. The reaction mixture was quenched with water, extracted with 
diethyl ether, dried over anhydrous magnesium sulphate and concentrated to afford the crude 
product. Purification by column chromatography (silica, toluene) and subsequent 
recrystallisation (toluene/methanol) afforded the title compound (10.81 g, 27.82 mmol, 80% 
yield) as a pale yellow solid. 1H NMR (400 MHz, CDCl3): δ 7.66 (s, 1H), 7.30 (dd, J = 5.0, 
3.0 Hz, 1H), 7.27 (m, 2H), 7.21 (dd, J = 3.0, 1.3 Hz, 1H), 6.99 (m, 2H), 2.86 (t, J = 7.3 Hz, 
2H), 1.74 (m, 2H), 1.26 (m, 10H), 0.86 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, 
CDCl3): δ 193.6, 141.5, 141.3, 136.2, 134.4, 134.1, 134.0, 128.2, 127.9, 126.3, 126.0, 124.6, 
123.4, 39.3, 32.2, 29.6, 29.6, 29.4, 25.1, 22.9, 14.3. MS: m/z 388 (M+), 290 (100, M-C7H14). 
HRMS (ESI-TOF): m/z calcd for C21H25OS3
+ (MH+) 389.1062 found 389.1054. 
5-Hexadecanoyl-2,3-bis(3-thienyl)thiophene (2.8). 
 
A suspension of 2.6 (20.34 g, 42.35 mmol), thiophene-3-boronic acid (12.68 g, 99.09 mmol) 
and sodium carbonate (55.5 g, 0.524 mol) in toluene (140 mL), ethanol (140 mL) and water 
(140 mL) was degassed by bubbling with argon during 2 hours. Then tetrakis 
(triphenylphosphine)palladium(0) (1.03 g, 0.89 mmol) was added and the reaction mixture 
was heated to reflux for 20 h. The reaction mixture was quenched with water, extracted with 
diethyl ether, dried over anhydrous magnesium sulphate and concentrated to afford the crude 
product. Purification by column chromatography (silica, toluene) and subsequent 
recrystallization (toluene/methanol) afforded the title compound (9.99 g, 20.5 mmol, 48% 
yield) as a pale yellow solid. 1H NMR (400 MHz, CDCl3): δ 7.66 (s, 1H), 7.30 (dd, J = 5.0, 
3.0 Hz, 1H), 7.27 (m, 2H), 7.21 (dd, J = 3.0, 1.3 Hz, 1H), 6.99 (m, 2H), 2.86 (t, J = 7.3 Hz, 
2H), 1.74 (m, 2H), 1.24 (m, 24H), 0.86 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, 
CDCl3): δ 193.7, 141.6, 141.3, 136.3, 134.4, 134.1, 134.0, 128.2, 127.9, 126.4, 126.0, 124.6, 
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123.4, 39.3, 32.1, 29.9, 29.9, 29.9, 29.7, 29.7, 29.6, 25.1, 22.9, 14.4. MS:  m/z 486 (M+), 290 
(M-C14H28). HRMS (ESI-TOF): m/z calcd for C28H39OS3 (MH
+) 487.2163 found 487.2166. 
5-Nonanoyl-benzo-[1,2-b:3,4-b’:5,6-d’’]trithiophene (2.9). 
 
To an ice-cooled solution of 2.7 (7.0 g, 18.0 mmol) in anhydrous dichloromethane (500 mL) 
was added boron trifluoride diethyl etherate (3.6 mL, 28.8 mmol) after which 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (6.2 g, 27.3 mmol) was added portion-wise during 10 min. 
The reaction mixture was allowed to warm to room temperature over night. After 48 hours 
the reaction was subsequently quenched by addition of zinc (10.6 g, 162 mmol) and methanol 
(250 mL). After stirring over night, the reaction mixture was filtered, washed with water, 
dried over anhydrous magnesium sulfate and concentrated to afford the crude product. 
Purification by column chromatography (silica, toluene) and subsequent recrystallisation 
(ethanol) afforded the title compound (3.92 g, 10.16 mmol, 56% yield) as a yellow-orange 
solid. 1H NMR (400 MHz, CDCl3): δ 8.19 (s, 1H), 7.65 (d, J = 5.3 Hz, 1H), 7.54 (d, J = 5.4 
Hz, 1H), 7.48 (d, J = 5.3 Hz, 1H), 7.47 (d, J = 5.4 Hz, 1H), 3.01 (t, J = 7.4 Hz, 2H), 1.80 (m, 
2H), 1.27 (m, 10H), 0.87 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3): δ 194.9, 
142.2, 136.3, 133.6, 133.4, 132.3, 131.8, 131.3, 127.2, 125.6, 125.4, 122.8, 122.6, 39.6, 32.1, 
29.7, 29.6, 29.4, 25.0, 22.9, 14.3. MS: m/z 386 (M+), 288 (100, M-C7H14). HRMS (ESI-TOF): 
m/z calcd for C21H23OS3 (MH
+) 387.0906 found 387.0912. 
5-Hexadecanoylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene (2.10). 
 
To an ice-cooled solution of 2.8 (5.18 g, 10.6 mmol) in anhydrous dichloromethane (500 mL) 
was added boron trifluoride diethyl etherate (1.70 mL, 13.8 mmol) after which 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (2.90 g, 12.8 mmol) was added portion-wise during 10 min. 
The reaction mixture was allowed to warm to room temperature over night and was 
subsequently quenched by addition of zinc (7.0 g, 0.10 mol) and methanol (250 mL). After 
stirring over night, the reaction mixture was filtered, washed with water, dried over 
anhydrous magnesium sulphate and concentrated to afford the crude product. Purification by 
column chromatography (silica, toluene) and subsequent recrystallisation (ethanol) afforded 
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the title compound (2.52 g, 5.20 mmol, 49% yield) as a yellow solid. 1H NMR (400 MHz, 
CDCl3): δ 8.31 (s, 1H), 7.75 (d, J = 5.3 Hz, 1H), 7.63 (d, J = 5.4 Hz, 1H), 7.54 (d, J = 5.3 Hz, 
1H), 7.52 (d, J = 5.4 Hz, 1H), 3.05 (t, J = 7.4 Hz, 2H), 1.82 (m, 2H), 1.23 (m, 10H), 0.86 (t, J 
= 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3): δ 194.7, 142.3, 136.4, 133.7, 133.4, 132.4, 
131.8, 131.3, 127.3, 125.7, 125.5, 122.8, 122.7, 39.6, 32.1, 29.9, 29.9, 29.7, 29.7, 29.6, 29.6, 
25.0, 22.9, 14.3. MS: m/z 484 (M+), 288 (M-C14H28). HRMS (ESI-TOF): m/z calcd for 
C28H37OS3 (MH
+) 485.2001 found 485.2029. 
2,8-Dibromo-5-hexadecanoylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene (2.11). 
 
A solution of 2.10 (1.61 g, 3.32 mmol) and N-bromosuccinimide (1.24 g, 6.97 mmol) in 
anhydrous N,N-dimethylformamide (150 mL) was stirred at 50°C in the dark over night, after 
which the reaction mixture was quenched with water, extracted with chloroform, washed with 
aqueous sodium thiosulphate and water and finally dried over anhydrous magnesium sulphate 
and concentrated to afford the crude product. Purification by column chromatography (silica, 
toluene) and subsequent recrystallisation (toluene/methanol) afforded the title compound 
(1.17 g, 1.82 mmol, 55% yield) as a white solid. 1H NMR (500 MHz, 323 K, CDCl3): δ 8.12 
(s, 1H), 7.66 (s, 1H), 7.52 (s, 1H), 3.01 (t, J = 7.4 Hz, 2H), 1.82 (m, 2H), 1.44 (m, 2H), 1.26 
(m, 22H), 0.87 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, 323 K, CDCl3): δ 194.3, 143.3, 
135.3, 133.4, 131.8, 131.8, 131.4, 126.6, 125.6, 125.5, 114.9, 114.7, 39.8, 32.2, 29.9, 29.9, 
29.7, 29.7, 29.6, 29.6, 25.1, 22.9, 14.3. MS: m/z 640 (M+), 444 (M-C14H28). HRMS (EI): m/z 
calcd for C28H34Br2OS3 (M
+) 640.0139 found 640.0130. 
5-Hexadecylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene (2.12). 
 
To a suspension of 2.10 (1.01 g, 2.08 mmol) in diethylene glycol (100 mL) was added 
hydrazine monohydrate (5.0 mL, 0.10 mol) and potassium hydroxide (2.98 g, 53.1 mmol) and 
the reaction mixture was stirred at 190°C over night. The cooled reaction mixture was poured 
into water, extracted with dichloromethane, dried over anhydrous magnesium sulphate and 
concentrated to afford the crude product. Purification by column chromatography (silica, 
petroleum ether) afforded the title compound (0.87 g, 1.9 mmol, 89 %) as a white solid. 1H 
NMR (400 MHz, CDCl3): δ 7.66 (d, J = 5.3 Hz, 1H), 7.53 (d, J = 5.3 Hz, 1H), 7.46 (d, J = 5.4 
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Hz, 1H), 7.44 (d, J = 5.4 Hz, 1H), 7.40 (s, 1H), 2.98 (t, J = 7.4 Hz, 3H), 1.80 (m, 2H), 1.25 
(m, 26H), 0.87 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3): δ 145.6, 133.1, 132.6, 
131.7, 131.2, 131.0, 130.0, 125.0, 124.3, 123.0, 122.5, 119.6, 32.2, 31.8, 31.0, 29.9, 29.9, 
29.8, 29.6, 29.6, 29.4, 22.9, 14.4. MS: m/z 470 (M+), 259 (M-C15H31). HRMS (EI): m/z calcd 
for C28H38S3 (M
+) 470.2136 found 470.2136. 
2,8-Dibromo-5-hexadecylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene (2.13). 
 
To a solution of 2.12 (0.714 g, 1.52 mmol) in anhydrous tetrahydrofuran (70 mL) cooled to -
78°C was added tert-butyllithium (1.7 M in pentane, 4.6 mL, 7.8 mmol) drop-wise during 10 
min. The reaction mixture was stirred for 2 h at -78°C, warmed to 0°C for 30 min and then 
cooled to -78°C again whereupon 1,2-dibromotetrachloroethane (2.72 g, 8.35 mmol) was 
added and the reaction mixture was allowed to warm to room temperature over night. The 
reaction mixture was quenched with water, extracted with chloroform, dried over anhydrous 
magnesium sulphate and concentrated to afford the crude product. Washing with methanol 
and subsequent column chromatography (silica, toluene) afforded the title compound (0.92 g, 
1.46 mmol, 96% yield) as a white solid. 1H NMR (400 MHz, 323 K, CDCl3): δ 7.59 (s, 1H), 
7.45 (s, 1H), 7.25 (s, 1H), 2.96 (t, J = 7.4 Hz, 2H), 1.79 (m, 2H), 1.25 (m, 26H), 0.87 (t, J = 
7.1 Hz, 3H). 13C{1H} NMR (100 MHz, 323 K, CDCl3): δ 146.7, 132.5, 132.4, 131.7, 131.0, 
130.7, 129.8, 125.9, 125.3, 119.2, 114.0, 113.2, 32.2, 31.6, 31.0, 29.9, 29.9, 29.8, 29.6, 29.4, 
22.9, 14.3. MS: m/z 626 (M+), 415 (M- C15H31). HRMS (EI): m/z calcd for C28H36Br2S3 (M
+) 
626.0346 found 626.0335. 
5-((1-Hydroxy-1-octyl)-nonyl)-benzo-[1,2-b:3,4-b’:5,6-d’’]trithiophene (2.16). 
 
2.9 (5.6 g, 14.5 mmol) was dissolved in diethyl ether (270 mL) and the solution was cooled 
down to 0°C before a 2M diethyl ether solution of octylmagnesium bromide (10.2 mL, 20.4 
mmol) was added drop-wise. The resulting solution was stirred at 0°C during one hour and 
then slowly warmed to room temperature, before it was heated to reflux overnight. The 
reaction mixture was cooled down to room temperature and quenched with 200 mL of 
saturated ammonium chloride solution. The aqueous phase was extracted twice with diethyl 
ether; the combined organic phases were dried with magnesium sulfate and the solvent was 
Chapter 6: Experimental Procedures 
152 
evaporated under reduced pressure. The crude product was purified by column 
chromatography (silica, toluene) to afford compound 2.16 as a pale yellow solid (5.83 g, 
11.65 mmol, 80% yield). 1H NMR (400 MHz, CDCl3): δ 7.70 (d, J = 5.3 Hz, 1H), 7.56 (d, J = 
5.4 Hz, 1H), 7.52 (s, 1H), 7.47 (d, J = 5.4 Hz, 1H), 7.46 (d, J = 5.3 Hz, 1H), 2.16 (s, 1H), 1.94 
(m, 4H), 1.41 (m, 4H), 1.22 (m, 20H), 0.84 (t, J = 7.1 Hz, 6H). 13C{1H} NMR (100 MHz, 
CDCl3): δ 151.7, 132.9, 132.8, 131.7, 131.5, 129.3, 128.4, 125.2, 124.5, 123.0, 122.5, 118.3, 
77.4, 43.8, 32.1, 30.1, 29.7, 29.5, 23.8, 22.8, 14.3. MS: m/z 482 (M-H2O), 286 (100, M-H2O -
C14H28). HRMS (ESI-TOF): m/z calcd for C29H39S3 (MH
+- H2O) 483.2208 found 483.2222. 
5-(1-Octylnonyl)benzo[1,2-b:3,4-b’:5,6-d’’]trithiophene (2.17). 
 
To lithium aluminum hydride (4.67 g, 123 mmol) was added 330 mL of anhydrous diethyl 
ether via cannulation. Aluminum chloride (6.26 g, 47 mmol) was carefully added as a solid to 
the solution, which was then cooled down to 0°C with an ice-bath. 2.16 (5.6 g, 11.18 mmol) 
was dissolved in 100 mL of anhydrous diethyl ether and then added by cannulation to the 
lithium aluminum hydride solution. After complete addition, the ice-bath was removed and 
the reaction was allowed to warm to room temperature. After 36 hours, the reaction mixture 
was poured in 1.5 L of ice, preliminary acidified with 60 mL of concentrated hydrochloric 
acid. Potassium hydroxide was added under stirring to break up the emulsion. The crude 
compound was extracted with diethyl ether; the combined organic phases were dried with 
magnesium sulfate and concentrated to a yellow oil under reduced pressure. The crude 
product was purified by column chromatography (silica, cyclohexane) to yield the title 
compound (4.34 g, 8.95 mmol, 80% yield) as a yellow solid. 1H NMR (400 MHz, CDCl3): δ 
7.69 (d, J = 5.3 Hz, 1H), 7.55 (d, J = 5.3 Hz, 1H), 7.47 (d, J = 5.3 Hz, 1H), 7.46 (d, J = 5.3 
Hz, 1H), 7.40 (s, 1H), 2.97 (m, 1H), 1.71 (m, 4H), 1.21 (m, 24H), 0.84 (t, J = 7.1 Hz, 6H). 
13
C{
1
H} NMR (100 MHz, CDCl3): δ 150.6, 132.8, 132.6, 131.9, 131.0, 129.9, 125.0, 124.2, 
123.0, 122.5, 119.4, 42.6, 38.3, 32.1, 29.9, 29.7, 29.5, 27.8, 22.9, 14.3. MS: m/z 484 (M+), 
259 (100, M-C16H33). HRMS (EI): m/z calcd for C29H40S3 (M
+) 484.2293 found 484.2292. 
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2,8-Dibromo-5-(1-octyl-nonyl)benzo[1,2-b:3,4-b’:5,6-d’’]trithiophene (2.19). 
 
To a solution of 2.17 (324 mg, 0.67 mmol) in anhydrous tetrahydrofuran (30 mL) cooled to -
78°C was added tert-butyllithium (1.7 M in pentane, 2.0 mL, 3.4 mmol) drop-wise during 10 
min. The reaction mixture was stirred for 2 h at -78°C, warmed to 0°C for 30 min and then 
cooled to -78°C again whereupon 1,2-dibromotetrachloroethane (1.20 g, 3.68 mmol) was 
added and the reaction mixture was allowed to warm to room temperature over night. The 
reaction mixture was quenched with water, extracted with diethyl ether, dried over anhydrous 
magnesium sulfate and concentrated to afford the crude product. Washing with methanol and 
subsequent column chromatography (silica, petrol ether) afforded the title compound (345 
mg, 0.54 mmol, 80% yield) as a white solid. 1H NMR (400 MHz, CDCl3): δ 7.61 (s, 1H), 
7.46 (s, 1H), 7.26 (s, 1H), 2.94 (s, 1H), 1.67 (m, 4H), 1.20 (m, 24H), 0.83 (t, J = 7.1 Hz, 6H). 
13
C{
1
H} NMR (100 MHz, CDCl3): δ 151.6, 132.2, 132.1, 131.6, 130.7, 130.3, 129.5, 125.9, 
125.3, 119.0, 113.8, 113.0, 42.6, 38.1, 32.1, 29.8, 29.7, 29.5, 27.7, 22.9, 14.3. MS: m/z 640 
(M+), 415 (100, M-C16H33). HRMS (EI): m/z calcd for C29H38Br2S3 (M
+) 640.0502 found 
640.0497. 
Poly[(5-hexadecanoylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene-2,8-diyl)-alt-(2,1,3-
benzothiadiazole-4,7-diyl)] (2.20). 
 
A solution of 2.11 (172 mg, 0.27 mmol), 4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzo[c][1,2,5]thiadiazole (104 mg, 0.27 mmol) and Aliquat 336 (several drops) in toluene 
(5 mL) was degassed by bubbling with argon for 1 h, whereupon tris(dibenzylideneacetone)-
dipalladium (5.1 mg, 5.6 mol), tris(o-tolyl)phosphine (6.7 mg, 22 mol) and a degassed 
aqueous solution of sodium carbonate (1.0 M, 1.0 mL) were added and the reaction mixture 
was sealed and heated to 120°C for 72 h. The reaction mixture was poured into HCl-acidic 
methanol and the crude polymer was isolated by filtration. 
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Poly[(5-hexadecylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene-2,8-diyl)-alt-(2,1,3-
benzothiadiazole-4,7-diyl)] (2.21). 
 
A solution of 2.13 (168 mg, 0.27 mmol), 4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzo[c][1,2,5]thiadiazole (104 mg, 0.27 mmol) and Aliquat 336 (several drops) in toluene 
(5 mL) was degassed by bubbling with argon for 1 h, whereupon tris(dibenzylideneacetone)-
dipalladium (5.1 mg, 5.6 mol), tris(o-tolyl)phosphine (6.7 mg, 22 mol) and a degassed 
aqueous solution of sodium carbonate (1.0 M, 1.0 mL) were added and the reaction mixture 
was sealed and heated to 120°C for 72 h. The reaction mixture was poured into HCl-acidic 
methanol and the crude polymer was isolated by filtration. 
Poly[(5-(1-octylnonyl)benzo[1,2-b:3,4-b’:5,6-d’’]trithiophene-2,8-diyl)-alt-(2,1,3-
benzothiadiazole-4,7-diyl)] (2.22). 
 
A 25 mL glass vial was charged with 2.19 (600 mg, 0.93 mmol), 4,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole (362 mg, 0.93 mmol), 
tris(dibenzylideneacetone) dipalladium (17 mg, 0.02 mmol), tri(o-tolyl) phosphine (23 mg, 
0.08 mmol), Aliquat 336 (several drops) and toluene (20 ml). The mixture was degassed with 
argon during 30 minutes before 1 mL of degassed sodium carbonate solution (1.0 M) was 
added. The resultant biphasic mixture was degassed during 10 minutes and heated at 120°C in 
an oil bath during 72 hours. After reaction the crude polymer was precipitated into methanol 
and further purified by Soxhlet extractions with acetone, cyclohexane, dichloromethane and 
chloroform, each for 24 hours. Remaining palladium residues were removed by vigorously 
stirring a polymeric chlorobenzene solution with an aqueous sodium diethyldithiocarbamate 
solution for 1 hour at 60°C under vigorous stirring. Afterwards the organic phase was 
separated from the aqueous phase and washed several times with water. The polymeric 
solution was concentrated under reduced pressure and precipitated into methanol. 2.22 (434 
mg, 0.67 mmol, 72 % yield) was recovered as a dark blue solid. SEC (chlorobenzene): Mn = 
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41 kg/mol, Mw = 254 kg/mol, Dw = 6.2. 
1H NMR (400 MHz, 1,2-dichlorobenzene-d4, 60°C): 
δ  8.4-6.8 (br, 5H), 3.8-3.1 (br, 1H), 2.8-0.5 (br, 34H). 
 
2,8-Bis(trimethylstannyl)-5-hexadecylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene (2.23). 
 
2.12 (1.3 g, 2.8 mmol) was dissolved in 200 mL of anhydrous THF and cooled to -78°C. A 
2.5 M solution of n-butyl lithium in hexanes (2.8 mL, 7.0 mmol) was added slowly to the 
reaction mixture. After two hours of stirring at low temperature, trimethyltin chloride (7.2 
mL, 7.2 mmol) in a 1 M THF solution was added and the reaction mixture was allowed to 
warm slowly to room temperature over night. The bright yellow solution was diluted with 
hexane and quenched with water. The organic layer was separated and dried with sodium 
sulphate. After solvent evaporation, a pale yellow oil was obtained, which was further 
purified by preparative recycling size exclusion chromatography to yield pure 2,8-
bis(trimethylstannyl)-5-hexadecylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene as a colourless oil 
(842 mg, 1.06 mmol, 38% yield). 1H NMR (400 MHz, 298 K, (CD3)2CO): δ 7.99 (s, 1H), 
7.73 (s, 1 H), 7.67 (s, 1H), 3.02 (t, J = 7.6 Hz, 2H), 1.81 (quint, J = 7.3 Hz, 2H), 1.47 – 1.21 
(m, 26H), 0.87 (t, J = 7.1 Hz, 3H), 0.49 (s, 1H), 0.48 (s, 1H). 13C{1H} NMR (100 MHz, 298 
K, (CD3)2CO): δ 145.9, 140.6, 139.4, 134.7, 133.6, 133.5, 132.2, 131.2, 131.1, 121.1, 206.3, 
32.8, 32.4, 31.4, 30.5, 30.5, 29.9, 23.5, 15.8, 14.5, -8.0. 
 
Figure 6.1: 1H NMR spectrum of 2.22. 
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Poly[(5-hexadecylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene-2,8-diyl)-alt-(3,6-bis(2-thienyl)-
2,5-dihydro-2,5-di(2-octyldodecyl)pyrrolo[3,4-c]pyrrolo-1,4-dione-5,5’-diyl)] (2.24). 
 
A degassed solution of 2.23 (195 mg, 0.25 mmol), DPP (250 mg, 0.25 mmol), Pd2(dba)3 (4.5 
mg, 5 μmol) and P(o-tol)3 (6.0 mg, 20 μmol) in anhydrous chlorobenzene (2 mL) was stirred 
at 180°C for 30 minutes in a microwave reactor. The crude polymer was end-capped with 
bromobenzene (0.3 µL) and trimethyl(phenyl)tin (0.5 µL) and subsequently precipitated into 
methanol. Using a Soxhlet extractor, the crude polymer was washed with acetone and hexane 
and subsequently extracted with chloroform. The chloroform solution was washed with an 
aqueous diethylammonium diethyldithiocarbamate solution under vigorous stirring at 50°C 
during 1 hour. The organic layer was separated, concentrated under reduced pressure and 
precipitated into methanol to afford polymer 2.24 (297 mg, 82% yield) as a black solid. SEC 
(chlorobenzene): Mn = 26 kg/mol, Mw = 66 kg/mol, Dw = 2.5. 
1H NMR (400 MHz, CDCl3, 
50°C): δ 9.0 (br s, 2H), 7.3 (br s, 5H), 4.0 (br s, 4H), 3.2 (br s, 2H), 1.3 (br m, 109H). 
 
Polymer 2.25. 
 
Figure 6.2: 1H NMR spectrum of 2.24, the inset shows the entire spectrum without zoom. 
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Following the procedure for 2.24 using 2.23 (65.1 mg, 0.08 mmol), DPP (62.5 mg, 0.06 
mmol) and BT (6.0 mg, 0.02 mmol) to afford 2.25 (54 mg, 57% yield) as a black solid. SEC 
(chlorobenzene): Mn = 130 kg/mol, Mw = 280 kg/mol, Dw = 2.1. 
1H NMR (400 MHz, CDCl3, 
50°C): δ 9.0 (br s), 7.3 (br s), 3.2 (br s), 1.3 (br m). 
Polymer 2.26. 
 
 
Figure 6.3: 1H NMR spectrum of 2.25, the inset shows the entire spectrum without zoom. 
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Following the procedure for 2.24 using 2.23 (66.3 mg, 0.08 mmol), DPP (63.6 mg, 0.06 
mmol) and TPD (8.8 mg, 0.02 mmol) to afford 2.26 (86 mg, 88% yield) as a black solid. SEC 
(chlorobenzene): Mn = 90 kg/mol, Mw = 130 kg/mol, Dw = 1.4. 
1H NMR (400 MHz, CDCl3, 
50°C): δ 9.0 (br s), 7.3 (br s), 3.2 (br s), 1.3 (br m). 
 
Polymer 2.27. 
 
Following the procedure for 2.24 using 2.23 (94.9 mg, 0.12 mmol), DPP (91.1 mg, 0.09 
mmol) and 2.19 (19.2 mg, 0.03 mmol) to afford 2.27 (63 mg, 43% yield) as a black solid. 
SEC (chlorobenzene): Mn = 190 kg/mol, Mw = 520 kg/mol, Dw = 2.7. 
1H NMR (400 MHz, 
CDCl3, 50°C): δ 9.0 (br s), 7.3 (br s), 3.2 (br s), 1.3 (br m). 
 
 
 
Figure 6.4: 1H NMR spectrum of 2.26, the inset shows the entire spectrum without zoom. 
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Polymer 2.28. 
 
Following the procedure for 2.24 using 2.23 (73.4 mg, 0.09 mmol), DPP (47.0 mg, 0.046 
mmol) and 2.19 (29.6 mg, 0.05 mmol) to afford 2.28 (65 mg, 62% yield) as a black solid. 
SEC (chlorobenzene): Mn = 165 kg/mol, Mw = 430 kg/mol, Dw = 2.6. 
1H NMR (400 MHz, 
CDCl3, 50°C): δ 9.0 (br s), 7.3 (br s), 3.2 (br s), 1.3 (br m). 
 
  
 
Figure 6.5: 1H NMR spectrum of 2.27, the inset shows the entire spectrum without zoom. 
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6.3 Experimental Procedures for Chapter 3 110 
Devices with BTT-co-dialkylbithiophene polymers were fabricated using standard 
Frauenhofer bottom-gate, bottom-contact (200 nm SiO2 over Si
++) substrates with pre-
patterned gold electrodes were used. The substrates were cleaned with acetone (10 minutes), 
followed by isopropyl alcohol (10 minutes). After application of a pentafluorobenzene 
(PFBT) monolayer, the polymer layer was spincoated from hot (120-140 °C) 1,2,4-
trichlorobenzene (TCB) solution on top and annealed at 120 °C for 15 min. Top-gate, bottom-
contact (TG-BC) OFETs were fabricated onto glass substrate with evaporated bilayer 
source/drain (S/D) electrodes. These electrodes were made using a 20 nm layer of Al covered 
with a sequentially deposited 25 nm thick layer of Au. As deposited electrode structures were 
then treated with the contact work function modifier monolayer agent pentafluorobenzene 
(PFBT). The glass/electrodes substrates were then transferred into a nitrogen glove-box in 
order to complete the remaining device fabrication and electrical characterization stages. 
Polymer layers were spin-cast from hot (120-140°C) 1,2,4-trichlorobenzene (TCB) on top of 
the substrates and annealed at 120 °C for 15 min. The ﬂuoropolymer CYTOP (Ashai Glass) 
was used as the gate dielectric layer. Device fabrication was completed with the evaporation 
of the top Al gate electrode by thermal evaporation under high vacuum (10-6 mbar). 
Organic field effect transistors with the BTT based polythiophenes were prepared by bottom 
gate, top contact test structures. Highly p-doped silicon wafers with 400 nm of thermally 
grown SiO2 were used as substrates and the silicon dioxide dielectric layer was 
hydrophobically modified by exposing in oxygen plasma for 5 min and immersing in a 20mM 
toluene solution of octadecyltrichlorosilane (OTS) at room temperature for 1 h. Films were 
spin cast at 1000 rpm from polymer solutions of 5 mg/mL in chlorobenzene at 80 °C. After 
casting, films were heated to 100 °C for 10 min and then further heated to 200 °C for 10 min 
for the annealing. For source and drain electrodes, 70 nm of thermally evaporated Au was 
used. The carrier mobility of the films was assessed by measuring transfer curves in 
 
Figure 6.6: 1H NMR spectrum of 2.28, the inset shows the entire spectrum without zoom. 
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saturation (VDS = -60 V) using a Keithley 4200 semiconductor parameter analyzer in a 
nitrogen atmosphere. The saturation mobility was determined by fitting a linear relationship 
of the square root of the drain current to gate potential in the range of -40 to -60 V gate 
potential. The saturation mobility was measured on 3 devices. 
3,3'-dihexyl-2,2'-bithiophene. 234 
 
A 2.0 M solution of hexylmagnesium bromide in diethyl ether (20 mL, 40 mmol) was added 
drop-wise to an ice-cooled solution of 3,3’-dibromo-2,2'-bithiophene (4.32 g, 13.33 mmol) in 
anhydrous diethyl ether (40 ml) containing dichloro[1,3-bis(diphenylphosphino)propane] 
nickel (72 mg, 0.13 mmol). The mixture was stirred and refluxed overnight. After being ice-
cooled, saturated NH4Cl solution was added to the reaction mixture. The crude product was 
extracted with diethyl ether, dried with anhydrous magnesium sulphate and the solvent 
removed under reduced pressure. Purification by column chromatography using hexane as 
eluent allowed the isolation of the product as a colourless oil (4.74 g, yield 94%). 1H NMR 
(400 MHz, CDCl3): δ 7.29 (d, J = 5.3 Hz, 1H), 6.95 (d, J = 5.3 Hz, 1H), 2.46 (m, 2H), 1.54 
(m, 2H), 1.23 (m, 6H), 0.86 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3): δ 141.9, 
129.9, 129.4, 125.5, 33.5, 33.2, 29.3, 26.3, 23.5, 14.6. HRMS (EI): m/z calcd for C20H30S2 
(M+) 334.1789 found 334.1785. 
5,5'-bis(trimethylstannyl)-3,3'-dihexyl-2,2'-bithiophene. 234 
 
3,3'-dihexyl-2,2'-bithiophene (1.55 g, 4.63 mmol) was solubilised in anhydrous 
tetrahydrofuran (40 mL) and cooled down to -78°C. A solution of 2.5 M n-butyllithium (4.1 
mL, 10.19 mmol) was added drop-wise and then the mixture was stirred one hour at this 
temperature followed by one hour at room temperature. The mixture was then cooled back to 
-78°C and 1 M trimethyltin chloride (10.6 mL, 10.6 mmol) was added. The mixture was 
stirred overnight and allowed to reach slowly room temperature. The reaction was quenched 
by the addition of water, extracted with ethyl acetate which was subsequently washed with 
brine. After drying over anhydrous magnesium sulphate, the solvent was removed yielding a 
slightly yellow oil, which was used without further purification (2.59 g, yield 85%). 1H NMR 
(400 MHz, CDCl3): δ 7.02 (s, 1H), 2.51 (m, 2H), 1.54 (m, 2H), 1.23 (m, 6H), 0.88 (t, J = 7.1 
Hz, 3H), 0.37 (s, 9H). 13C{1H} NMR (100 MHz, CDCl3, ppm): δ 142.9, 137.4, 136.7, 135.4, 
32.1, 31.1, 30.7, 29.5, 28.9, 22.8, 14.2 HRMS (EI): m/z calcd for C26H46S2Sn2 (M
+) 660.1079 
found 660.1076. 
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2,8-Bis(3-hexyl-2-thienyl)-5-hexadecanoylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene (3.1). 
 
To a degassed solution of 2,8-dibromo-5-hexadecanoylbenzo[1,2-b:3,4-b’:5,6-
d’’]trithiophene (2.11) (0.98 g, 1.53 mmol), 3-hexylthiophene-2-boronic acid pinacol ester 
(1.52 g, 5.17 mmol) and Aliquat 336 (one drop) in toluene (50 ml) was added a degassed 
aqueous solution of potassium carbonate (2 M, 5 ml) and tetrakis(triphenylphosphine) 
palladium(0) (80 mg, 0.07 mmol). The reaction mixture was heated to reflux for 24 h and 
subsequently washed with water and dried over anhydrous magnesium sulphate. After 
removal of the solvent in vacuo, the crude product was purified by column chromatography 
(silica, hexane/chloroform) to afford the title compounds as a yellow solid (0.99 g, 1.21 
mmol, 79 % yield). 1H NMR (400 MHz, CDCl3): δ 8.27 (s, 1H), 7.69 (s, 1H), 7.53 (s, 1H), 
7.27 (d, J = 5.2 Hz, 2H), 6.99 (d, J = 5.2 Hz, 1H), 6.98 (d, J = 5.2 Hz, 1H), 3.05 (t, J = 7.4 
Hz, 2H), 2.87 (m, 4H), 1.82 (m, 2H), 1.69 (m, 4H), 1.23 (m, 36H), 0.87 (m, 9H). 13C{1H} 
NMR (100 MHz, CDCl3): δ 194.7, 142.5, 141.5, 141.3, 136.6, 136.4, 136.1, 133.6, 132.8, 
132.3, 131.6, 131.1, 130.6, 130.3, 129.9, 127.3, 125.4, 125.2, 120.8, 120.6, 39.7, 32.1, 31.9, 
30.9, 29.9, 29.8, 29.7, 29.6, 29.4, 25.0, 22.9, 22.8, 14.3. HRMS (EI): m/z calcd for C48H64OS5 
(M+) 816.3561 found 816.3551. 
2,8-Bis(5-bromo-3-hexyl-2-thienyl)-5-hexadecanoylbenzo[1,2-b:3,4-b’:5,6-d’’] 
trithiophene (3.2). 
 
To a solution of 2,8-bis(3-hexyl-2-thienyl)-5-hexadecanoylbenzo[1,2-b:3,4-b’:5,6-d’’]-
trithiophene (3.1) (0.74 g, 0.91 mmol) in anhydrous N,N-dimethylformamide (100 ml) cooled 
at 0 °C was added N-bromosuccinimide (339 mg, 1.91 mmol) and the reaction mixture was 
allowed to warm to room temperature with stirring over night. The reaction mixture was 
subsequently poured onto ice and the crude product was collected by filtration. Purification 
by column chromatography (silica, hexane/dichloromethane) followed by recrystallisation 
from toluene/methanol afforded the title compound as a yellow solid (577 mg, 0.59 mmol, 65 
% yield). 1H NMR (400 MHz, CDCl3): δ 8.13 (s, 1H), 7.52 (s, 1H), 7.36 (s, 1H), 6.92 (s, 1H), 
6.92 (s, 1H), 3.00 (t, J = 7.4 Hz, 2H), 2.77 (m, 4H), 1.79 (m, 2H), 1.64 (m, 4H), 1.24 (m, 
36H), 0.88 (m, 9H). 13C{1H} NMR (100 MHz, CDCl3): δ 194.4, 142.6, 141.9, 141.7, 136.0, 
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135.2, 135.0, 133.4, 133.2, 132.5, 132.2, 131.7, 131.4, 131.4, 130.8, 127.0, 120.8, 120.6, 
112.3, 112.0, 39.6, 32.1, 31.8, 30.7, 29.9, 29.8, 29.6, 29.4, 24.9, 22.9, 22.8, 14.3. MS (EI): 
m/z calcd for C48H62Br2OS5 (M
+) 972 found 972. 
2,8-Bis(3-hexyl-2-thienyl)-5-hexadecylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene (3.3). 
 
To a degassed solution of 2,8-dibromo-5-hexadecylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene 
(2.13) (0.90 g, 1.43 mmol), 3-hexylthiophene-2-boronic acid pinacol ester (1.50 ml, 5.01 
mmol) and Aliquat 336 (one drop) in toluene (50 ml) was added a degassed aqueous solution 
of potassium carbonate (2 M, 5 ml) and tetrakis(triphenylphosphine)palladium(0) (93 mg, 
0.08 mmol). The reaction mixture was heated to reflux for 24 h and subsequently washed 
with water and dried over anhydrous magnesium sulphate. After removal of the solvent in 
vacuo, the crude product was purified by column chromatography (silica, 
hexane/dichloromethane) to afford the title compounds as a pale yellow solid (0.99 g, 1.23 
mmol, 86 % yield). 1H NMR (400 MHz, CDCl3): δ 7.64 (s, 1H), 7.49 (s, 1H), 7.39 (s, 1H), 
7.25 (d, J = 5.2 Hz, 1H), 7.24 (d, J = 5.2 Hz, 1H), 6.98 (d, J = 5.2 Hz, 2H), 2.99 (t, J = 7.4 
Hz, 2H), 2.88 (m, 4H), 1.81 (m, 2H), 1.70 (m, 4H), 1.24 (m, 38H), 0.88 (m, 9H). 13C{1H} 
NMR (100 MHz, CDCl3): δ 145.9, 141.0, 140.9, 135.7, 134.9, 133.0, 132.7, 131.9, 131.1, 
130.8, 130.8, 130.5, 130.5, 130.3, 129.2, 124.9, 124.8, 121.3, 120.6, 119.6, 32.2, 31.9, 31.8, 
31.0, 30.9, 29.9, 29.8, 29.6, 29.4, 22.9, 14.3. HRMS (EI): m/z calcd for C48H66S5 (M
+) 
802.3768 found 802.3768. 
2,8-Bis(5-bromo-3-hexyl-2-thienyl)-5-hexadecylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene 
(3.4). 
 
To a solution of 2,8-bis(3-hexyl-2-thienyl)-5-hexadecylbenzo[1,2-b:3,4-b’:5,6-d’’]-
trithiophene (3.3) (0.96 g, 1.20 mmol) in anhydrous tetrahydrofuran (100 ml) cooled to -78 
°C was added tert-butyllithium (1.7 M in pentane, 3.6 ml, 6.12 mmol) drop-wise during 10 
min. The reaction mixture was stirred for 2 h at -78 °C, warmed to 0 °C for 30 min and then 
cooled to -78 °C again whereupon 1,2-dibromotetrachloroethane (2.14 g, 6.57 mmol) was 
added and the reaction mixture was allowed to warm to room temperature over night. The 
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reaction mixture was quenched with water, extracted with chloroform, dried over anhydrous 
magnesium sulphate and concentrated to afford the crude product. Purification by column 
chromatography (silica, hexane/chloroform) afforded the title compound as a yellow solid 
(0.89 g, 0.93 mmol, 77 % yield). 1H NMR (400 MHz, CDCl3): δ 7.56 (s, 1H), 7.42 (s, 1H), 
7.36 (s, 1H), 6.93 (s, 2H), 2.98 (t, J = 7.4 Hz, 2H), 2.80 (m, 4H), 1.80 (m, 2H), 1.64 (m, 4H), 
1.23 (m, 38H), 0.87 (m, 9H). 13C{1H} NMR (100 MHz, CDCl3): δ 146.2, 141.7, 141.5, 134.4, 
133.6, 133.1, 132.7, 132.2, 132.0, 131.2, 130.3, 129.2, 121.8, 121.1, 119.5, 111.8, 111.6, 
32.2, 31.8, 31.7, 31.0, 30.8, 29.9, 29.8, 29.6, 29.5, 29.4, 29.3, 22.9, 22.8, 14.3, 14.3. MS (EI): 
m/z calcd for C48H64Br2S5 (M
+) 958 found 958. 
Poly[2,8-Bis(3-hexyl-2-thienyl)-5-hexadecanoylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene-
5,5’-diyl] (3.5). 
 
A degassed solution of 2,8-bis(5-bromo-3-hexyl-2-thienyl)-5-hexadecanoylbenzo[1,2-b:3,4-
b’:5,6-d’’]trithiophene (3.2) (305.5 mg, 0.31 mmol), hexamethylditin (65 l, 0.31 mmol), 
tetrakis(triphenylphosphine)palladium(0) (16 mg, 0.01 mmol) and cuprous iodide (2 mg, 0.01 
mmol) in anhydrous chlorobenzene (10 ml) was heated to 120 °C with stirring in a sealed 
microwave vial for 60 h. The polymerisation was terminated by the addition of 
bromobenzene (50 l, 0.48 mmol) and trimethyl(phenyl)tin (100 l, 0.55 mmol). The reaction 
mixture was poured into HCl-acidic methanol and the crude polymer was obtained by 
filtration. In a Soxhlet apparatus, the polymer was washed with acetone and hexane and 
subsequently extracted with chloroform. The chloroform solution was washed with an 
aqueous solution of sodium diethyldithiocarbamate, then several times with water, and finally 
concentrated and precipitated into methanol to afford polymer 3.5 as a black solid (156 mg, 
0.19 mmol, 61 % yield). 1H NMR (400 MHz, 1,1,2,2-tetrachloroethane-d2, 130°C): δ 8.4 (bs 
1H), 7.9 (bs 1H), 7.7 (bs 1H), 7.2 (s 1H), 3.2-3.1 (bs 2H), 3.1 -2.9 (m 4H), 2.0-1.8 (m 6H), 
1.7-1.5 (bs 6H), 1.5-1.3 (m 31H), 1.1-0.9 (m 9H). 
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Poly[2,8-Bis(3-hexyl-2-thienyl)-5-hexadecylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene-5,5’-
diyl] (3.6). 
 
A degassed solution of 2,8-bis(5-bromo-3-hexyl-2-thienyl)-5-hexadecylbenzo[1,2-b:3,4-
b’:5,6-d’’]trithiophene (3.4) (301.2 mg, 0.31 mmol), hexamethylditin (65 l, 0.31 mmol), 
tetrakis(triphenylphosphine)palladium(0) (15 mg, 0.01 mmol) and cuprous iodide (2 mg, 0.01 
mmol) in anhydrous chlorobenzene (10 ml) was heated to 120 °C with stirring in a sealed 
microwave vial for 48 h. The polymerisation was terminated by the addition of 
bromobenzene (50 l, 0.48 mmol) and trimethyl(phenyl)tin (100 l, 0.55 mmol). The reaction 
mixture was poured into HCl-acidic methanol and the crude polymer was obtained by 
filtration. In a Soxhlet apparatus, the polymer was washed with acetone, hexane, 
dichloromethane and chloroform and subsequently extracted with chlorobenzene. The 
chlorobenzene solution was washed with an aqueous solution of sodium 
diethyldithiocarbamate, then several times with water, and finally concentrated and 
precipitated into methanol to afford polymer 3.6 as a black solid (77 mg, 0.10 mmol, 31 % 
yield). SEC (1,2,4-trichlorobenzene): Mn = 18 kg/mol, Mw = 26 kg/mol, Dw = 1.4. 
1H NMR 
(400 MHz, 1,1,2,2-tetrachloroethane-d2, 130°C): δ 7.8 (bs 1H), 7.6 (bs 1H), 7.5 (bs 1H), 7.2 
(bs 1H), 3.1 (m 2H), 3.0 (m 4H), 2.0-1.9 (m 2H), 1.9-1.8 (m 4H), 1.7-1.5 (m 6H), 1.5-1.3 (m 
33H), 1.1-0.9 (m 9H). 
 
 
Figure 6.7: 1H NMR spectrum of 3.5. 
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Poly[2,8-Bis(4-hexyl-2-thienyl)-5-hexadecanoylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene-
5,5’-diyl] (3.7). 
 
A microwave vial was charged with 2,8-Dibromo-5-hexadecanoylbenzo[1,2-b:3,4-b’:5,6-
d’’]trithiophene (2.11) (326 mg, 0.51 mmol), 5,5'-bis(trimethylstannyl)-3,3'-dihexyl-2,2'-
bithiophene (335 mg, 0.51 mmol), of tris(dibenzylideneacetone)dipalladium (9.3 mg, 0.01 
mmol) and tris(o-tolyl)phosphine (12.4 mg, 0.04 mmol). The vial was sealed and 2 mL of 
anhydrous chlorobenzene was added. The reaction mixture was degassed with argon during 
30 minutes and submitted to the following temperature scheme in the microwave reactor: 2 
minutes at 100°C, 2 minutes at 120°C, 5 minutes at 140°C, 5 minutes at 160°C and 30 
minutes at 180°C. The reaction mixture was cooled down to room temperature and 0.1 eq. of 
bromobenzene was added in one portion by syringe. The mixture was resubmitted to the 
microwave reactor, 1 minute at 100°C, 1 minute at 120°C, 2 minutes at 140°C and 5 minutes 
at 160°C. Once the polymeric solution was cooled down, 0.1 eq. of trimethyl(phenyl) 
stannane was added by syringe. The reaction mixture was subjected on last time to the 
previously mentioned temperature scheme to finalize the end-capping reaction. After reaction, 
the crude polymer was precipitated into methanol and then further purified by Soxhlet 
extractions with acetone and hexane for 24 hours. Remaining palladium residues were 
removed by treating a polymeric chloroform solution with an aqueous sodium 
diethyldithiocarbamate solution for 2 hours at 50°C under vigorous stirring. Afterwards the 
 
Figure 6.8: 1H NMR spectrum of 3.6. 
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organic phase was separated from the aqueous phase and washed several times with water. 
The polymeric solution was concentrated under reduced pressure and precipitated in 
methanol. The dark red polymer was recovered by filtration and dried under high vacuum for 
at least 24 hours (256 mg, 0.26 mmol, 52 % yield). SEC (1,2,4-trichlorobenzene): Mn = 23 
kg/mol, Mw = 55 kg/mol, Dw = 2.4. 
1H NMR (400 MHz, 1,1,2,2-tetrachloroethane-d2, 130°C): 
δ 8.4 (bs 1H), 7.9 (bs 1H), 7.7 (bs 1H), 7.3 (m 1H), 3.1 (m 2H), 2.8-2.6 (m 4H), 2.0-1.9 (m 
2H), 1.8-1.7 (m 4H), 1.6-1.3 (m 37H), 1.1-0.9 (m 9H). 
Poly[2,8-Bis(4-hexyl-2-thienyl)-5-hexadecylbenzo[1,2-b:3,4-b’:5,6-d’’]trithiophene-5,5’-
diyl] (3.8). 
 
A microwave vial was charged with 2,8-Dibromo-5-hexadecylbenzo[1,2-b:3,4-b’:5,6-
d’’]trithiophene (2.13) (229 mg, 0.36 mmol), 5,5'-bis(trimethylstannyl)-3,3'-dihexyl-2,2'-
bithiophene (240 mg, 0.36 mmol), of tris(dibenzylideneacetone)dipalladium (6.7 mg, 0.01 
mmol) and tris(o-tolyl)phosphine (8.9 mg, 0.03 mmol). The vial was sealed and 2 mL of 
anhydrous chlorobenzene was added. The reaction mixture was degassed with argon during 
30 minutes and submitted to the following temperature scheme in the microwave reactor: 2 
minutes at 100°C, 2 minutes at 120°C, 5 minutes at 140°C, 5 minutes at 160°C and 30 
minutes at 180°C. The reaction mixture was cooled down to room temperature and 0.1 eq. of 
bromobenzene was added in one portion by syringe. The mixture was resubmitted to the 
microwave reactor, 1 minute at 100°C, 1 minute at 120°C, 2 minutes at 140°C and 5 minutes 
 
Figure 6.9: 1H NMR spectrum of 3.7. 
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at 160°C. Once the polymeric solution was cooled down, 0.1 eq. of trimethyl(phenyl) 
stannane was added by syringe. The reaction mixture was subjected on last time to the 
previously mentioned temperature scheme to finalize the end-capping reaction. After reaction, 
the crude polymer was precipitated into methanol and then further purified by Soxhlet 
extractions with acetone and hexane for 24 hours. Remaining palladium residues were 
removed by treating a polymeric chloroform solution with an aqueous sodium 
diethyldithiocarbamate solution for 2 hours at 50°C under vigorous stirring. Afterwards the 
organic phase was separated from the aqueous phase and washed several times with water. 
The polymeric solution was concentrated under reduced pressure and precipitated in 
methanol. 3.8 was recovered as a dark red solid by filtration and dried under high vacuum for 
at least 24 hours (205 mg, 0.21 mmol, 59 % yield). SEC (1,2,4-trichlorobenzene): Mn = 44 
kg/mol, Mw = 58 kg/mol, Dw = 1.3. 
1H NMR (400 MHz, 1,1,2,2-tetrachloroethane-d2, 130°C): 
δ 7.8 (m 1H), 7.7 (m 1H), 7.5 (bs 1H), 7.3 (m 1H), 3.2-3.0 (m 2H), 2.8-2.6 (m 4H), 2.0-1.9 (m 
2H), 1.8-1.7 (m 4H), 1.7-1.6 (m 2H), 1.5-1.3 (m 37H), 1.1-0.9 (m 9H). 
Poly[(5-(1-octylnonyl)benzo[1,2-b:3,4-b’:5,6-d’’]trithiophene-2,8-diyl)-alt-(thiophene-
2,5-diyl)] (3.9). 
 
Monomer 2.19 (150 mg, 0.23 mmol) was added together with 2,5-
bis(trimethylstannyl)thiophene (96 mg, 0.23 mmol) and tetrakis(triphenylphosphine) 
palladium (13.49 mg, 12 µmol) to a microwave vial. After the vial was sealed, 0.8 mL of 
 
Figure 6.10: 1H NMR spectrum of 3.8. 
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anhydrous chlorobenzene were added and the resulting solution was degassed with argon 
before it was subjected to the following heating conditions in a microwave reactor: 100°C for 
2 minutes, 120°C for 2 minutes, 140°C for 10 minutes and finally 160°C for 30 minutes. 
After reaction the crude polymer was precipitated in methanol and then further purified by 
Soxhlet extractions with acetone, cyclohexane, THF and chloroform, each for 24 hours. 
Remaining palladium residues were removed by treating a polymeric chlorobenzene solution 
with an aqueous sodium diethyldithiocarbamate solution for 1 hour at 60°C under vigorous 
stirring. Afterwards the organic phase was separated from the aqueous phase and washed 
several times with water. The polymeric solution was concentrated under reduced pressure 
and precipitated into methanol. 3.9 (66 mg, 0.11 mmol, 48% yield) was recovered as a dark 
red solid. SEC (chlorobenzene): Mn = 17 kg/mol, Mw = 48 kg/mol, Dw = 2.8. 
1H NMR (500 
MHz, o-dichlorobenzene-d4, 60 °C): δ 7.8-6.7 (br, 5H), 3.6-3.1 (br, 1H), 2.8-0.6 (br, 34H). 
Poly[(5-(1-octylnonyl)benzo[1,2-b:3,4-b’:5,6-d’’]trithiophene-2,8-diyl)-alt-(2,2'-
bithiophene-5,5’-diyl)] (3.10). 
 
Monomer 2.19 (150 mg, 0.23 mmol) was added together with 5,5’-bis(trimethylstannyl)-2,2’-
bithiophene (115 mg, 0.23 mmol) and tetrakis(triphenylphosphine) 
palladium (13.49 mg, 12 µmol) to a microwave vial. After the vial was sealed, 0.8 mL of 
anhydrous chlorobenzene were added and the resulting solution was degassed with argon 
before it was subjected to the following heating conditions in a microwave reactor: 100°C for 
 
Figure 6.11: 1H NMR spectrum of 3.9. 
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2 minutes, 120°C for 2 minutes, 140°C for 10 minutes and finally 160°C for 30 minutes. 
After reaction the crude polymer was precipitated in methanol and then further purified by 
Soxhlet extractions with acetone, cyclohexane, THF and chloroform, each for 24 hours. 
Remaining palladium residues were removed by treating a polymeric chlorobenzene solution 
with an aqueous sodium diethyldithiocarbamate solution for 1 hour at 60°C under vigorous 
stirring. Afterwards the organic phase was separated from the aqueous phase and washed 
several times with water. The polymeric solution was concentrated under reduced pressure 
and precipitated into methanol. 3.10 (16 mg, 0.03 mmol, 11% yield) was recovered as a red 
solid. SEC (chlorobenzene): Mn = 3.2 kg/mol, Mw = 4.1 kg/mol, Dw = 1.3. 
Poly[(5-(1-octylnonyl)benzo[1,2-b:3,4-b’:5,6-d’’]trithiophene-2,8-diyl)-alt-(thieno-[3,2-b]-
thiophene-2,5-diyl)] (3.11). 
 
A 5 mL microwave vial was charged with monomer 2.19 (150 mg, 0.23 mmol), 2,5-
bis(trimethylstannyl)thieno[3,2-b]thiophene (109 mg, 0.23 mmol) and tetrakis 
(triphenylphosphine)palladium (13.49 mg, 12 µmol). The vial was sealed and 0.8 mL of 
anhydrous chlorobenzene was added. The obtained solution was bubbled with argon prior to 
submitting the reaction vessel to the following heating conditions in a microwave reactor: 2 
minutes at 100°C, 2 minutes at 120°C, 20 minutes at 140°C and 5 minutes at 160°C. After 
cooling down, the crude polymer solution was added drop-wise to methanol. The formed 
precipitate was Soxhlet extracted in acetone, cyclohexane and chloroform. Residual 
palladium salts were removed by treating a polymeric chlorobenzene solution with an 
aqueous sodium diethyldithiocarbamate solution for 1 hour at 60 °C under vigorous stirring. 
The organic phase was separated from the aqueous phase and washed several times with 
water. The polymeric solution was concentrated under reduced pressure and precipitated into 
methanol. 3.11 (75 mg, 0.12 mmol, 49% yield) was recovered as a dark red solid. SEC 
(chlorobenzene): Mn = 6.2 kg/mol, Mw = 13.1 kg/mol, Dw = 2.1. 
1H NMR (500 MHz, o-
dichlorobenzene-d4, 60 °C): δ 8.2-6.7 (br, 5H), 3.7-3.0 (br s, 1H), 2.7-0.6 (br, 34H). 
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6.4 Experimental Procedures for Chapter 4 123, 215, 235 
Top-gate, bottom-contact organic field effect transistors (FETs) were fabricated on glass with 
pentafluorobenzenethiol (PFBT) treated gold electrodes, CYTOP (900 nm) dielectric and Al 
gate. Polymer films were spin cast from o-dichlorobenzene (10 mg/mL) solutions at a speed 
of 2000 rpm and annealed at 180 °C for 10 minutes. The carrier mobility of the films was 
assessed by measuring transfer curves in saturation (VDS = -60 V) using a Keithley 4200 
semiconductor parameter analyzer. The saturation mobility was determined by fitting a linear 
relationship of the square root of the drain current to gate potential in the range of -40 to -60 
V and averaged over 3 devices. 
All organic photovoltaic devices have a conventional device architecture, 
ITO/PEDOT:PSS/Polymer: PC71BM/Ca/Al. The precoated ITO glass substrates were cleaned 
with acetone and isopropyl alcohol under sonication, followed by drying and oxygen plasma 
treatment during 7 minutes. A 30 nm layer of PEDOT:PSS was spin-coated onto the plasma-
treated ITO substrate and baked at 150°C for 20 minutes. An 80 nm active layer consisting of 
a 1:3 blend of polymer, respectively 1:3.5 for the 4.6, 4.20, 4.21 and 4.22, and PC71BM 
dissolved in o-dichlorobenzene (ODCB) was spin-coated on the PEDOT:PSS layer and then 
Ca (30 nm)/Al (100 nm) cathode was finally deposited by thermal evaporation under high 
vacuum (10-6 mbar) through a shadow mask. The pixel size, defined by the spatial overlap of 
the ITO anode and Ca/Al cathode, was 0.045 cm2. The device characteristics were obtained 
using a xenon lamp at AM1.5 solar illumination (Oriel Instruments). Short circuit currents 
under AM1.5G conditions were obtained from the spectral response and convolution with the 
solar spectrum, measured with a Keithley source meter. Spectral response was measured 
under operation conditions using bias light from a 532 nm solid state laser (Edmund Optics). 
Monochromatic light from a 100 W tungsten halogen lamp in combination with 
monochromator (Oriel, Cornerstone 130) was modulated with a mechanical chopper. The 
 
Figure 6.12: 1H NMR spectrum of 3.11. 
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response was recorded as the voltage over a 50 Ω resistance, using a lock-in amplifier 
(Stanford research Systems SR830). A calibrated Si cell was used as reference. All the device 
measurements were carried out behind a quartz window in a nitrogen filled container.  
1,4-dibromo-2,5-diiodobenzene (4.2). 236 
 
20 g (85 mmol) of 1,4-dirbromobenzene (4.1) were dissolved in 250 mL of concentrated 
sulphuric acid at 80°C. Iodine (47.3 g, 187 mmol) was added to the reaction flask in several 
portions. After complete addition the reaction temperature was increased to 130°C and the 
mixture was heated during 2 days. The reaction mixture was cooled to room temperature and 
carefully poured into ice-water. The black solid was filtered-off and extensively washed with 
water, before it was dissolved in warm chlorobenzene (300 mL). The organic chlorobenzene 
layer was washed several times with a concentrated aqueous sodium thiosulfate solution and 
water. The organic layer was separated and dried over anhydrous magnesium sulphate. The 
solution was concentrated on the rotary evaporator and then precipitated into well stirred 
methanol. The formed solid was filtered off and the title compound was recovered as a white 
solid (23.3 g, 48 mmol, 56% yield). 1H NMR (400 MHz, CDCl3): δ 8.04 (s, 2H). 
13C{1H} 
NMR (100 MHz, CDCl3): δ 142.4, 129.3, 101.5. MS (EI): m/z calcd for C6H2Br2I2 (M
+) 488, 
486, 490, 489 found 488, 486, 490, 489. 
2,2’-(2,5-dibromo-1,4-phenylene)bis(3-bromothiophene) (4.3). 
 
To an oven dried round bottom flask was added 4.2 (14.5 g, 29.8 mmol) and 
tetrakistriphenylphosphinepalladium(0) (1.7 g, 1.5 mmol) before a 0.5 M (3-bromothiophen-
2-yl)zinc(II) bromide solution in THF (125 mL, 62.5 mmol) was added. The reaction mixture 
was stirred and heated at 65 ºC (oil bath temperature) overnight. The mixture was cooled to 
room temperature and poured into 150 mL of saturated aqueous ammonium chloride solution. 
The precipitate was filtered off and washed with water, acetone and diethyl ether. Compound 
4.3 was recovered as an off-white solid (11.6 g, 20.8 mmol, 70% yield). 1H NMR (400 MHz, 
CDCl3): δ 7.74 (s, 2H), 7.44 (d, J = 5.3 Hz, 2H), 7.11 (d, J = 5.3 Hz, 2H). 
13C{1H} NMR (100 
MHz, CDCl3): δ 136.6, 136.1, 135.2, 130.5, 127.0, 123.5, 111.8, 77.2. HRMS (EI): m/z calcd 
for C14H6Br4S2 (M
+) 557.6603 found 557.6603. 
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4,9-dihydro-4,4,9,9-tetraoctyl-benzo[1’’,2’’:4,5;4’’,5’’:4’,5’]bissilolo[3,2-b:3’,2’-
b’]dithiophene (4.4). 
 
To an oven dried round bottom flask a 2.5 M solution of n-butyllithium (17.9 ml, 44.7 mmol) 
in hexanes was added to 25 ml of anhydrous THF at -78°C. In a second flask 4.3 (5.0 g, 9.0 
mmol) was dissolved in 100 ml of THF and cooled to -78°C. This solution was added 
dropwise via cannula to the n-butyllithium containing THF solution, maintaining temperature 
below -70°C. After complete addition, the resulting lemon green solution was stirred for 2 
hours at -78°C. Dichlorodioctylsilane (12.41 ml, 35.9 mmol) was diluted in 20 mL of THF 
and added dropwise to the reaction. The reaction mixture was stirred at low temperature for 
additional 4 hours, and then let to warm to room temperature overnight. The Reaction was 
quenched by addition of 10 ml of saturated sodium chloride solution. n-hexane (80 ml) was 
added to mixture and the organic layer was separated. The aqueous layer was extracted twice 
with n-hexane (2 x 80 ml). The combined organic layers were washed with water (2 x 50 
mL), brine (350 mL) and dried over magnesium sulphate. After solvent evaporation, the 
crude product was purified by column chromatography on silica gel using n-hexane as eluent. 
The desired product was obtained as light yellow oil (2.3 g, 3.1 mmol, 34% yield), which 
solidified on cooling at low temperatures. 1H NMR (400 MHz, CDCl3): δ 7.56 (s, 2H), 7.28 
(d, J = 4.7 Hz, 2H), 7.11 (d, J = 4.7 Hz, 2H), 1.44 – 1.35 (m, 8H), 1.33 – 1.17 (m, 40H), 0.98 
– 0.82 (m, 20H). 13C{1H} NMR (100 MHz, CDCl3): δ 157.2, 142.4, 142.2, 139.3, 129.9, 
125.9, 125.2, 77.16, 33.4, 32.0, 29.4, 29.3, 24.3, 22.8, 14.3, 12.3. HRMS (EI): m/z calcd for 
C46H74S2Si2 (M
+) 746.4770 found 746.4769. 
4,9-dihydro-4,4,9,9-tetraoctyl-2,7-bis(trimethylstannyl)-benzo[1’’,2’’:4,5;4’’,5’’:4’,5’] 
bissilolo[3,2-b:3’,2’-b’]dithiophene (4.5). 
 
To a solution of 4.4 (2.0 g, 2.7 mmol) in anhydrous THF (70 ml) was added a 2.5M solution 
of n-butyllithium (2.4 mL, 5.9 mmol) at -20°C. After 2 hours of stirring at low temperature, a 
1 M solution of chlorotrimethylstannane (6.2 mL, 6.2 mmol) in THF was added at -20°C. 
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After stirring at -20°C for 2 hours, the solution was warmed to room temperature and stirred 
overnight. The resulting mixture was poured into water (100 mL). Hexane (100 mL) was 
added to extract the product from the aqueous layer. The organic layer was dried over 
anhydrous sodium sulphate and the solvent was removed by rotary evaporation. The crude 
product was dried under high vacuum for 24 hours and then solidified in the freezer (-18°C). 
The solid was broken up into small pieces and carefully washed with cold (0°C) acetonitrile. 
The solid was filtered off and dried under high vacuum for another 24 hours. The title 
compound (2.5 g, 2.4 mmol, 88% yield) was recovered as a pale yellow oil at room 
temperature. 1H NMR (400 MHz, CDCl3): δ 7.57 (s, 2H), 7.16 (s, 2H), 1.41 (m, 8H), 1.34 – 
1.16 (m, 40H), 0.97 – 0.81 (m, 20H), 0.40 (s, 18H). 13C{1H} NMR (100 MHz, CDCl3): δ 
162.5, 143.2, 142.1, 141.7, 141.3, 137.1, 125.6, 35.8, 33.1, 31.8, 29.1, 23.3, 22.8, 18.1, 14.4, 
11.0. 
Polymerization conditions for Subchapter 4.3 
Condition A. A microwave vial was charged with bis(trimethylstannyl) monomer 4.5 (0.250 
g, 0.23 mmol), 0.95 eq. of dibrominated monomer and 5 mol% of 
tetrakis(triphenylphosphine) palladium (0). The vial was sealed and 1 mL of o-xylene was 
added. The reaction mixture was degassed with argon during 30 minutes and submitted to the 
following temperature scheme in the microwave reactor: 5 minutes at 120°C, 5 minutes at 
140°C, 5 minutes at 160°C and 40 minutes at 170°C. The reaction mixture was cooled down 
to room temperature and 0.1 eq. of bromobenzene was added in one portion by syringe. The 
mixture was resubmitted to the microwave reactor, 1 minute at 100°C, 1 minute at 120°C, 2 
minutes at 140°C and 5 minutes at 160°C. Once the polymeric solution was cooled down, 0.1 
eq. of trimethyl(phenyl)stannane was added by syringe. The reaction mixture was subjected 
on last time to the previously mentioned temperature scheme to finalize the end-capping 
reaction. After reaction, the crude polymer was precipitated in methanol and then further 
purified by Soxhlet extractions with acetone, hexane and chloroform, each for 24 hours. 
Remaining palladium residues were removed by treating a polymeric chloroform solution 
with an aqueous sodium diethyldithiocarbamate solution for 2 hours at 50°C under vigorous 
stirring. Afterwards the organic phase was separated from the aqueous phase and washed 
several times with water. The polymeric solution was concentrated under reduced pressure 
and precipitated into cold methanol. The recovered polymer was dried under high vacuum for 
at least 24 hours. 
Condition B. A 5 mL microwave vial was charged with with bis(trimethylstannyl) monomer 
4.5 (0.250 g, 0.23 mmol), 0.95 eq. of dibrominated monomer, 2 mol% of 
tris(dibenzylideneacetone)dipalladium (0) and 8 mol% of tri(o-tolyl) phosphine. The vial was 
sealed and chlorobenzene (1 mL) was added. The obtained solution was degassed with argon 
during 30 minutes. The vial was subjected to the following reaction conditions in the 
microwave reactor: 2 minutes at 100°C, 2 minutes at 120°C, 5 minutes at 140°C, 5 minutes at 
160°C and 40 minutes at 170°C. The polymer was end-capped by addition of 0.1 eq. of 
bromobenzene before the reaction mixture was resubmitted to the microwave reactor, 1 
minute at 100°C, 1 minute at 120°C, 2 minutes at 140°C and 5 minutes at 160°C. The 
polymeric solution was cooled down and 0.1 eq. of trimethyl(phenyl) stannane was added by 
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syringe. The reaction vial was subjected to the previously mentioned temperature scheme to 
finalize the end-capping reaction. After reaction, the crude polymer was precipitated in 
methanol and then further purified by Soxhlet extractions with acetone, hexane and 
chloroform during 24 hours each. Remaining palladium residues were removed by treating a 
polymeric chloroform solution with an aqueous sodium diethyldithiocarbamate solution for 2 
hours at 50°C under vigorous stirring. Afterwards the organic phase was separated from the 
aqueous phase and washed several times with water. The polymeric solution was 
concentrated under reduced pressure and precipitated into cold methanol. The polymer was 
filtered off and dried under high vacuum for at least 24 hours. 
Poly[(2,1,3-benzothiadiazole-4,7-diyl)-alt-(4,9-dihydro-4,4,9,9-tetraoctylbenzo 
[1’’,2’’:4,5;4’’,5’’:4’,5’]bissilolo[3,2-b:3’,2’-b’]dithiophene-2,7-diyl)] (4.6). 
 
Polymerized using condition A. Dark-blue solid (135 mg, 0.13 mmol, 59%). Mn = 30 kg mol
-
1, Mw = 59 kg mol
-1, Dw = 2.0. 
1H NMR (o-DCB-d4, 400 MHz, 40°C): δ 8.73 (s, 2H), 8.30 (s, 
2H), 8.20-7.75 (bm, 2H), 1.91-1.71 (bm, 8H), 1.63-1.50 (bm, 8H), 1.49-1.18 (bm, 40H), 1.04 
(t, J = 7 Hz, 12H). 
 
  
 
Figure 6.13: 1H NMR spectrum of 4.6. 
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Poly[(2,1,3-benzothiadiazole-4,7-diyl)-alt-2,5-thiophenediyl(4,9-dihydro-4,4,9,9-
tetraoctylbenzo[1’’,2’’:4,5;4’’,5’’:4’,5’]bissilolo[3,2-b:3’,2’-b’] dithiophene-2,7-diyl)-2,5-
thiophenediyl] (4.7). 
 
Polymerized using condition B. Dark-blue solid (151 mg, 0.13 mmol, 63%). Mn = 22 kg mol
-
1, Mw = 57 kg mol
-1, Dw = 2.6. 
1H NMR (o-DCB-d4, 400 MHz, 40°C): δ 8.31 (s, 2H), 8.19-
8.07 (m, 2H), 8.01-7.83 (bm, 2H), 7.80-7.71 (m, 2H), 7.67-7.45 (bm, 2H), 1.85-1.69 (bm, 
8H), 1.61-1.52 (bm, 8H), 1.50-1.23 (bm, 40H), 1.07 (t, J = 7 Hz, 12H). 
 
Poly[(5,6-difluoro-2,1,3-benzothiadiazole-4,7-diyl)-alt-(4,9-dihydro-4,4,9,9-
tetraoctylbenzo[1’’,2’’:4,5;4’’,5’’:4’,5’]bissilolo[3,2-b:3’,2’-b’]dithiophene-2,7-diyl)] 
(4.8). 
 
Polymerized using condition A. Dark-blue solid (102 mg, 0.11 mmol, 51%). Mn = 21 kg mol
-
1, Mw = 35 kg mol
-1, Dw = 1.7. 
1H NMR (o-DCB-d4, 400 MHz, 40°C): δ 8.91 (s, 2H), 8.36 (s, 
2H), 1.94-1.68 (bm, 8H), 1.63-1.50 (bm, 8H), 1.49-1.25 (bm, 40H), 1.05 (t, J = 7 Hz, 12H). 
 
Figure 6.14: 1H NMR spectrum of 4.7. 
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Poly[(5,6-difluoro-2,1,3-benzothiadiazole-4,7-diyl)-alt-2,5-thiophenediyl(4,9-dihydro-
4,4,9,9-tetraoctylbenzo[1’’,2’’:4,5;4’’,5’’:4’,5’]bissilolo[3,2-b:3’,2’-b’] dithiophene-2,7-
diyl)-2,5-thiophenediyl] (4.9). 
 
Polymerized using condition B. Dark-blue solid (142 mg, 0.12 mmol, 55%). Mn = 26 kg mol
-
1, Mw = 71 kg mol
-1, Dw = 2.7. 
1H NMR (o-DCB-d4, 400 MHz, 40°C): δ 8.52 (s, 2H), 8.24-
7.97 (m, 2H), 7.88-7.44 (bm, 4H), 1.86-1.71 (bm, 8H), 1.69-1.27 (bm, 48H), 1.17-1,01 (m, 
12H). 
 
  
 
Figure 6.15: 1H NMR spectrum of 4.8. 
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(5,5’-(2,5-dibromo-1,4-phenylene)bis(4-bromothiophene-5,2-diyl))bis(trimethylsilane) 
(4.10). 210 
 
2,2’-(2,5-dibromo-1,4-phenylene)bis(3-bromothiophene) (4.3) (11 g, 19.7 mmol) was 
dissolved in anhydrous THF (400 mL) and cooled to -78°C. A 1.8 M solution of lithium 
diisopropylamide in THF/heptanes/ethylbenzene (33 mL, 59.4 mmol) was added slowly to 
the reaction. The temperature was kept at all times below -70°C. After complete addition the 
reaction was stirred during 1 hour at -78°C and then quenched by the addition of 
chlorotrimethylsilane (8.8 mL, 69.3 mmol). The reaction mixture was warmed to room 
temperature and stirred for another 30 minutes. The solvent was removed under reduced 
pressure and the crude product plugged through a silica pad using petroleum ether (60-80°C) 
as eluent. The solvent was evaporated and the product recrystallized from ethyl acetate to 
afford 4.10 as white needles (11.7 g, 16.7 mmol, 84% yield). 1H NMR (400 MHz, CDCl3): δ 
7.70 (s, 2H), 7.17 (s, 2H), 0.36 (s, 18H). 13C{1H} NMR (100 MHz, CDCl3): δ 142.4, 139.8, 
136.5, 136.3, 136.1, 123.0, 112.6, 0.30. MS (EI): m/z calcd for C20H22Br4S2Si2 (M
+) 701.7, 
699.7, 703.7, 702.7 found 701.7, 699.7, 703.7, 702.7. 
 
 
 
 
Figure 6.16: 1H NMR spectrum of 4.9. 
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Dichlorobis(2-ethylhexyl)silane (4.12). 237 
 
Perchlorosilane (4.11) (11.5 mL, 100.0 mmol) was diluted with 100 mL of anhydrous THF 
and cooled with an ice bath to 0°C. A 1 M solution of (2-ethylhexyl)magnesium bromide 
(200 mL, 200.0 mmol) in diethyl ether was added dropwise to the perchlorosilane solution. 
After complete addition the reaction mixture was warmed to room temperature over night 
under continuous stirring. The reaction was diluted with 200 mL of n-hexane and the 
precipitated magnesium salts were filtered off. After removal of the volatiles on the rotary 
evaporator, the crude colourless oil was distilled under reduced pressure. The dichlorobis(2-
ethylhexyl)silane (13.3 g, 40.9 mmol) was recovered as a colourless oil in the temperature 
range of 90 to 96°C at 0.16 mbar. 1H NMR (400 MHz, CDCl3): δ 1.77-1.65 (m, 2H), 1.45-
1.09 (m, 20H), 0.94-0,80 (m, 12H). 13C{1H} NMR (100 MHz, CDCl3): δ 35.2, 34.7, 28.7, 
28.3, 26.2, 23.1, 14.3, 10.6. 
4,4,9,9-tetrakis(2-ethylhexyl)-4,9-dihydro-2,7-bis(trimethylsilyl)-benzo 
[1’’,2’’:4,5;4’’,5’’:4’,5’] bissilolo[3,2-b:3’,2’-b']dithiophene (4.13). 
 
In an oven dried three-necked round bottom flask, compound 4.10 (6 g, 8.5 mmol) was 
dissolved in 120 mL of anhydrous THF and cooled to -90°C. In a second dry three-necked 
round bottom flask were introduced 80 mL of anhydrous THF, which were cooled down to  
-90°C before a 1.7 M solution of tert-butyllithium (45.2 mL, 77.0 mmol) in pentane was 
added. The solution containing compound 4.10 was added dropwise to the t-butyllithium 
solution, whilst maintaining the temperature below -85°C. After complete addition, the 
resulting dark brown solution was stirred during one hour at -90°C. Dichlorobis(2-
ethylhexyl)silane (4.12) (5.8 g, 17.9 mmol) diluted in 20 mL of dry THF was added slowly to 
the reaction mixture. The resulting solution was stirred for additional three hours at low 
temperature, before the temperature was slowly raised to room temperature overnight. The 
reaction mixture was diluted with n-hexane and quenched by addition of 100 ml of saturated 
ammonium chloride solution. The organic layer was separated and the aqueous layer was 
extracted twice with n-hexane. The combined organic layers were washed with brine and 
dried over sodium sulfate. After solvent evaporation, the orange crude oil was purified by 
column chromatography on silica using n-hexane as eluent. The title compound 4.13 was 
recovered as yellow oil (1.7 g, 1.9 mmol). 1H NMR (400 MHz, CDCl3): δ 7.57 (s, 2H), 7.19 
(m, 2H), 1.31-0.74 (m, 68H), 0.34 (s, 18H). 13C{1H} NMR (100 MHz, CDCl3): δ 162.5, 
143.2, 142.1, 141.7, 141.3, 137.1, 125.6, 39.4, 36.0, 35.9, 35.8, 35.7, 33.1, 31.8, 30.1, 29.2, 
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29.1, 29.0, 28.9, 26.1, 23.3, 23.1, 22.8, 18.1, 14.4, 14.3, 11.1, 11.0, 0.2. MS (ESI-ToF): m/z 
calcd for C52H90S2Si4 (M+) 891, 892, 893, 894 found 891, 892, 893, 894. 
2,7-dibromo-4,4,9,9-tetrakis(2-ethylhexyl)-4,9-dihydro-benzo[1’’,2’’:4,5;4’’,5’’:4’,5’] 
bissilolo[3,2-b:3’,2’-b’]dithiophene (4.14). 
 
Compound 4.13 (1.7 g, 1.9 mmol) was dissolved in 60 mL of THF and cooled to -20°C. 
Freshly recristallised N-bromosuccinimide (696 mg, 3.9 mmol) was dissolved in 20 mL of 
THF and added slowly to the reaction mixture in the absence of light. After complete addition 
the reaction is stirred during 1 hour at low temperature, before the mixture was diluted with 
hexane and quenched with water. The organic layer was separated and washed several times 
with water and finally dried over anhydrous magnesium sulphate. After solvent removal on 
the rotary evaporator, the recovered orange oil was purified by column chromatography on 
silica using n-hexane as eluent to yield compound 4.14 as yellow solid (1.63 g, 1.8 mmol). 1H 
NMR (400 MHz, CDCl3): δ 7.43 (s, 2H), 7.03 (s, 2H), 1.41-0.70 (m, 68H). 
13C NMR (100 
MHz, CDCl3): δ 157.1, 142.0, 140.8, 132.7, 125.1, 112.1, 39.4, 36.0, 35.9, 35.8, 35.7, 34.9, 
33.1, 30.1, 29.2, 29.1, 29.0, 28.9, 28.9, 26.1, 23.3, 23.2, 23.1, 18.1, 18.0, 17.9 14.4, 14.3, 
13.9, 11.1, 11.0, 10.9. HRMS (ESI-ToF): m/z calcd for C46H72Br2S2Si2 (M+) 904, 902, 905, 
906, 903, 907 found 904, 906, 905, 902, 907, 903. 
4,4,9,9-tetrakis(2-ethylhexyl)-4,9-dihydro-2,7-bis(trimethylstannyl)-benzo 
[1’’,2’’:4,5;4’’,5’’:4’,5’] bissilolo[3,2-b:3’,2’-b']dithiophene (4.15). 
 
Compound 4.14 (1.6 g, 1.8 mmol) was dissolved in 80 mL of anhydrous THF and cooled to -
90°C. A 1.7 M tert-butyllithium solution in pentane (4.4 mL, 7.4 mmol) was added and the 
solution was stirred during 30 minutes at -90°C. A 1 M THF solution of 
chlorotrimethylstannane (4.1 mL, 4.1 mmol) was added to the reaction, which was then 
slowly warmed to room temperature. After two hours the reactive mixture was diluted with n-
hexane and quenched by the addition of water. After separating the organic layer, the aqueous 
layer was extracted several times with n-hexane. The combined organic layers were dried 
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over sodium sulphate and the solvent was removed by rotary evaporation. The crude product 
was further purified by recycling SEC and compound 4.15 was recovered as pale green oil 
(1.5 g, 1.4 mmol). 1H NMR (400 MHz, acetone-d6): δ 7.73 (s, 2H), 7.30 (s, 2H), 1.48-0.71 
(m, 68H), 0.39 (s, 18H). HRMS (ESI-ToF): m/z calcd for C52H90S2Si2Sn2 (M+) 1072, 1074, 
1070, 1073, 1068 found 1072, 1074, 1070, 1071, 1073. 
Dichlorobis(2-ethylhexyl)germane (4.17). 237 
 
Perchlorogermane (4.16) (21.5g, 100 mmol) is diluted in 100 mL of anhydrous THF and 
cooled to 0°C. A 1 M solution of (2-ethylhexyl)magnesium bromide (200 mL, 200 mmol) in 
diethyl ether was added dropwise over one hour. The reaction mixture was stirred overnight, 
whilst warming up to room temperature. 200 mL of n-hexane were added to the reaction 
mixture and large amounts of precipitate form. The precipitate is filtered-off and the solvent 
removed from the filtrate on the rotary evaporator. The cloudy viscous oil is distilled under 
reduced pressure. The dichlorobis(2-ethylhexyl)germane (16.7 g, 45.1 mmol) was recovered 
as a colourless oil in the temperature range of 100 to 140°C at 0.4 mbar. 1H NMR (400 MHz, 
CDCl3): δ 1.85-1.78 (m, 6H), 1.45-1.25 (m, 16H), 0.94-0.84 (m, 12H). 
13C{1H} NMR (100 
MHz, CDCl3): δ 36.2, 34.8, 28.5, 27.73, 22.9, 14.9, 10.5. 
2,7-dibromo-4,4,9,9-tetrakis(2-ethylhexyl)-4,9-dihydro-benzo[1’’,2’’:4,5;4’’,5’’:4’,5’] 
bisgermolo[3,2-b:3',2'-b']dithiophene (4.19).  
 
In an oven dried three-necked round bottom flask, compound 4.10 (5 g, 7.1 mmol) was 
dissolved in 80 mL of anhydrous THF and cooled to -90°C. In a second dry three-necked 
round bottom flask were introduced 50 mL of anhydrous THF, which were cooled down to  
-90°C before a 1.7 M solution of tert-butyllithium (34.3 mL, 58.4 mmol) in pentane was 
added. The solution containing compound 4.10 was added dropwise to the t-butyllithium 
solution, whilst maintaining the temperature below -85°C. After complete addition, the 
resulting dark brown solution was stirred during one hour at -90°C. Dichlorobis(2-
ethylhexyl)germane (4.17) (5.8 g, 15.66 mmol) diluted in 15 mL of dry THF was added 
dropwise to the reaction mixture. The resulting solution was stirred for additional three hours 
at low temperature, before the temperature was slowly raised to room temperature overnight. 
The reaction mixture was diluted with n-hexane and quenched by addition of 80 ml of 
saturated ammonium chloride solution. The organic layer was separated and the aqueous 
layer was extracted twice with n-hexane. The combined organic layers were washed with 
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brine and dried over sodium sulfate. After solvent evaporation, the orange crude oil was 
purified by column chromatography on silica using n-hexane as eluent. The trimethylsilyl 
protecting groups were easily cleaved on the column and it was not possible to isolate the 
product. Therefore the crude product was dissolved in 100 mL of THF and cooled to 0°C. N-
bromosuccinimide (1.8 g, 10.2 mmol) was added and the reaction was stirred during one 
hour. The reaction progress was followed by TLC and once the bromination had come to 
completion, the reaction mixture was diluted with 50 mL of n-hexane and quenched by the 
addition of 100 mL of water. The organic layer was separated and the aqueous layer extracted 
two more times with hexane (50 mL). The combined organic layers were dried over sodium 
sulfate and the solvent evaporated. The crude product was purified by column 
chromatography on silica gel using n-hexane as eluent. After solvent evaporation, 4.19 was 
recovered as an orange-yellow oil (1.93 g, 1.9 mmol, 38% yield). 1H NMR (400 MHz, 
CDCl3): δ 7.47 (s, 2H), 7.04 (s, 2H), 1.52-1.43 (m, 4H), 1.33-1.08 (m, 40H), 0.84-0.75 (m, 
24H). 13C{1H} NMR (100 MHz, CDCl3): δ 154.2, 143.8, 142.1, 141.0, 132.8, 125.8, 111.7, 
77.2, 37.0, 35.7, 35.6, 29.1, 29.0, 28.9, 23.2, 23.1, 21.0, 14.3, 11.0. HRMS (ESI-ToF): m/z 
calcd for C46H72Br2Ge2S2 (M+) 994, 992, 996, 990, 992 found 994, 992, 996, 990, 993. 
Poly[(2,1,3-benzothiadiazole-4,7-diyl)-alt-[4,4,9,9-tetrakis(2-ethylhexyl)-4,9-
dihydrobenzo[1’’,2’’:4,5;4’’,5’’:4’,5’]bissilolo[3,2-b:3’,2’-b’]dithiophene-2,7-diyl]] (4.21). 
 
A microwave vial was charged with monomer 5 (930 mg, 0.87 mmol), 4,7-
dibromobenzo[c][1,2,5]thiadiazole (255 mg, 0.87 mmol) and tetrakis(triphenylphosphine) 
palladium (0) (50 mg, 0.04 mmol). The vial was sealed and 1.5 mL of anhydrous o-xylene 
was added. The reaction mixture was degassed with argon during 30 minutes and submitted 
to the following temperature scheme in the microwave reactor: 5 minutes at 120°C, 5 minutes 
at 140°C, 5 minutes at 160°C and 40 minutes at 170°C. The reaction mixture was cooled 
down to room temperature and 0.1 eq. of bromobenzene was added in one portion by syringe. 
The mixture was resubmitted to the microwave reactor, 1 minute at 100°C, 1 minute at 
120°C, 2 minutes at 140°C and 5 minutes at 160°C. Once the polymeric solution was cooled 
down, 0.1 eq. of trimethyl(phenyl) stannane was added by syringe. The reaction mixture was 
subjected on last time to the previously mentioned temperature scheme to finalize the end-
capping reaction. After reaction, the crude polymer was precipitated in methanol and then 
further purified by Soxhlet extractions with acetone and hexane for periods of 24 hours. 
Remaining palladium residues were removed by treating a polymeric chloroform solution 
with an aqueous sodium diethyldithiocarbamate solution for 2 hours at 50°C under vigorous 
stirring. Afterwards the organic phase was separated from the aqueous phase and washed 
several times with water. The polymeric solution was concentrated under reduced pressure 
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before being further purified by recycling SEC in order to isolate narrow dispersity fractions. 
The recovered dark blue polymer was dried under high vacuum for at least 24 hours. 1H NMR 
(400 MHz, CDCl3): δ 8.23 (m, 2H), 7.95 (s, 2H), 7.75 (s, 2H), 1.58-1.45 (m, 8H), 1.39-1.00 
(m, 36H), 0.86-0.76 (m, 24H). 
Poly[(2,1,3-benzothiadiazole-4,7-diyl)-alt-[4,4,9,9-tetrakis(2-ethylhexyl)-4,9-
dihydrobenzo[1’’,2’’:4,5;4’’,5’’:4’,5’]bisgermolo[3,2-b:3’,2’-b’]dithiophene-2,7-diyl]] 
(4.22). 
 
A 20 mL glass vial was charged with 4.21 (372.0 mg, 0.37 mmol), 4,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole (145.2 mg, 0.37 mmol), 
tetrakis(triphenylphosphine) palladium (0) (8.6 mg, 7.4 μmol), Aliquat 336 (several drops) 
and toluene (7 ml). The mixture was degassed with argon during 30 minutes before 1.5 mL of 
degassed sodium carbonate solution (1.0 M) was added. The resultant biphasic mixture was 
degassed during 10 minutes and heated at 120°C in an oil bath during 72 hours. The polymer 
was end-capped by addition of bromobenzene (6 mg, 38 μmol), respectively phenylboronic 
acid (4.6 mg, 38 μmol). After reaction the crude polymer was precipitated into methanol and 
further purified by Soxhlet extractions with acetone, hexane and chloroform, each for 24 
hours. Remaining palladium residues were removed by vigorously stirring a polymeric 
chloroform solution with an aqueous sodium diethyldithiocarbamate solution for 1 hour at 
60°C under vigorous stirring. Afterwards the organic phase was separated from the aqueous 
 
Figure 6.17: 1H NMR spectrum of 4.21. 
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phase and washed several times with water. The polymeric solution was concentrated under 
reduced pressure and precipitated into methanol. 4.22 (224 mg, 0.23 mmol, 62 % yield) was 
recovered as a dark blue solid. SEC (chlorobenzene): Mn = 32 kg/mol, Mw = 75 kg/mol, Dw = 
2.3. 1H NMR (400 MHz, CDCl3, 50°C): δ 8.24 (m, 2H), 7.94 (s, 2H), 7.80 (bs, 2H), 1.64-1.59 
(m, 4H), 1.49-1.20 (m, 40H), 0.88-0.79 (m, 24H). 
6.5 Experimental Procedures for Chapter 5 238 
All organic photovoltaic devices have a conventional device architecture, 
ITO/PEDOT:PSS/Polymer: PC71BM/Ca/Al. The precoated ITO glass substrates were cleaned 
with acetone and isopropyl alcohol under sonication, followed by drying and oxygen plasma 
treatment. A 30 nm layer of PEDOT:PSS was spin-coated onto the plasma-treated ITO 
substrate and baked at 150°C for 20 minutes. An 80 nm active layer consisting of a 1:3.5 
blend of polymer and PC71BM (optimized blend ratio) dissolved in o-dichlorobenzene 
(ODCB) was spin-coated on the PEDOT:PSS layer and then Ca (30 nm)/Al (120 nm) cathode 
was finally deposited by thermal evaporation under high vacuum (10-6 mbar) through a 
shadow mask. The pixel size, defined by the spatial overlap of the ITO anode and Ca/Al 
cathode, was 0.045 cm2. The device characteristics were obtained using a Xenon lamp at 
AM1.5 solar illumination (Oriel Instruments). Incident photon conversion efficiency (IPCE) 
measurements were made using a 100 W tungsten halogen lamp (Bentham IL1 with Bentham 
605 stabilized current power supply) coupled to a monochromator with computer-controlled 
stepper motor (Bentham M300, 300 mm focal length, slit width 3.7 nm, 1800 lines/m grating) 
The photon flux of light incident on the samples was calibrated using a UV-enhanced silicon 
photodiode. A 590 nm long-pass glass filter was inserted into the beam at illumination 
wavelengths longer than 620 nm to remove light from second-order diffraction. Photocurrent 
was measured using a Keithley 2400 source meter; Measurement duration for a given 
 
Figure 6.18: 1H NMR spectrum of 4.22. 
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wavelength was sufficient to ensure the current had stabilized (up to around 5 s under low or 
zero bias light conditions). 
Top-gate, bottom-contact organic field effect transistors (FETs) were fabricated on glass with 
pentafluorobenzenethiol (PFBT) treated gold electrodes, CYTOP (900 nm) dielectric and Al 
gate. Polymer films were spin cast from o-dichlorobenzene (10 mg/mL) solutions at a speed 
of 2000 rpm and annealed at 150°C for 10 minutes, respectively 200 °C for 15 minutes. The 
carrier mobility of the films was assessed by measuring transfer curves in saturation (VDS = -
60 V) using a Keithley 4200 semiconductor parameter analyzer. The saturation mobility was 
determined by fitting a linear relationship of the square root of the drain current to gate 
potential in the range of -40 to -60 V and averaged over 3 devices. 
2,5-dibromothieno[3,2-b]thiophene (5.2). 239 
 
To a stirred solution of thieno(3,2-b)thiophene (5.1) (15.0 g, 107 mmol) in a mixture of 240 
mL of dichloromethane and 120 mL of acetic acid in a 500 mL flask was slowly added N-
bromosuccinimide (39.0 g, 219 mmol) in small portions over a period of 40 minutes. After 
complete addition, the mixture was stirred at room temperature for 3 h before the reaction 
was quenched with 250 mL of aqueous sodium bicarbonate solution (5%). The organic layer 
was washed with water, dried with magnesium sulfate and the solvent was evaporated under 
reduced pressure. The crude product was dissolved in toluene and passed through a short 
silica plug to recover 2,5-dibromothieno[3,2-b]thiophene (30.7 g, 103 mmol, 96% yield) as a 
white solid after solvent evaporation. 1H NMR (400 MHz, CDCl3): δ 7.17 (s, 2H). 
13C{1H} 
NMR (100 MHz, CDCl3): δ 138.4, 121.9, 113.8. 
3,6-dibromothieno[3,2-b]thiophene (5.3). 240 
 
Compound 5.2 (25.0 g, 84 mmol) was dissolved in 500 mL of anhydrous THF and cooled 
down to -78°C. A 1.8 M solution of lithium diisopropylamide in THF/heptanes/ethylbenzene 
(117 mL, 210 mmol) was added slowly to the solution. Once the LDA added, the reaction 
mixture was slowly warmed to room temperature and stirred during 15 hours. The reaction 
mixture was cooled down to -78°C and diluted with 300 mL of hexane, before 400 mL of 
brine were added. After the solution reached room temperature, the organic layer was washed 
with brine, dried with magnesium sulfate and the solvent was evaporated under reduced 
pressure. The crude product was dissolved in toluene and passed through a silica plug. After 
solvent evaporation, compound 5.3 was recovered as an off-white solid (23.5 g, 79 mmol, 
94% yield). 1H NMR (400 MHz, CDCl3): δ 7.34 (s, 2H). 
13C{1H} NMR (100 MHz, CDCl3): δ 
139.9, 125.3, 103.2. 
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3,6-dibromo-2,5-diiodothieno[3,2-b]thiophene (5.4). 
 
To a stirred solution of 3,6-dibromothieno[3,2-b]thiophene (20.0 g, 67.1 mmol) dissolved in a 
solvent mixture of chloroform (900 mL) and acetic acid (500 mL) was added N-
iodosuccinimide (68.0 g, 302 mmol) in several portions at room temperature. The mixture 
was stirred during 7 days before the reaction was quenched with 1 L of water, leading to the 
formation of a white suspension. The white solid was filtered off and washed with water, to 
yield the title compound in excellent purity (35.2 g, 63.9 mmol, 95% yield). 13C NMR (100 
MHz, DMSO-d6): δ 141.7, 111.7, 84.8. HRMS (EI): m/z calcd for C6Br2I2S2 (M
+) 549.5877 
found 549.5872. 
3,6-dibromo-2,5-bis(3-bromothiophen-2-yl)thieno[3,2-b]thiophene (5.5). 
 
To an oven dried microwave vessel was added compound 5.4 (2.3 g, 4.2 mmol) and tetrakis 
(triphenylphosphine) palladium (0.242 g, 0.2 mmol) under argon atmosphere. An 0.5 M THF 
solution of (3-bromothiophen-2-yl)zinc (II) bromide (17.6 mL, 8.8 mmol) was added before 
the sealed microwave vial was heated for 30 seconds at 80°C, followed by 7 minutes at 100°C 
in a microwave reactor. After completion of reaction, the mixture was cooled to room 
temperature and quenched with 20 mL of water. The precipitate was filtered off and washed 
with water, acetone and diethyl ether. The title compound was recovered as a yellow solid 
(1.89 g, 3.1 mmol, 74% yield). 1H NMR (400 MHz, CDCl3): δ 7.48 (d, J = 5.4 Hz, 2H), 7.13 
(d, J = 5.4 Hz, 2H). No 13C NMR could be recorded due to the low solubility of compound 3. 
MS: m/z calcd for C14H4Br4S4 (M+) 619.6, 621.6, 617.6, 623.6 found 619.5, 621.5, 617.5, 
623.5. 
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(5,5'-(3,6-dibromothieno [3,2-b] thiophene-2,5-diyl) bis (4-bromothiophene-5,2-diyl) )bis 
(trimethylsilane) (5.6). 
 
To an oven dried three neck flask was added 5.5 (8.5 g, 13.7 mmol) and anhydrous THF (800 
mL). The solution was cooled to -60°C, before a 1.8 M solution of lithium diisopropylamide 
(20.0 mL, 35.6 mmol) was added dropwise. After the complete addition, the solution was 
stirred during 2 hours and slowly warmed -40°C. The reaction was cooled down to -60°C, 
before trimethylsilyl chloride (7.0 mL, 54.8 mmol) was added quickly. After the reaction was 
warmed to room temperature overnight, it was quenched with methanol (200 mL) and water 
(500 mL). After extracting the reaction mixture with diethyl ether, the organic phase was 
washed with 0.1 M hydrochloric acid and water. The solution was dried over magnesium 
sulfate and the solvent was removed under reduced pressure. The crude product was purified 
by column chromatography using a mixture of n-hexane and ethyl acetate (9:1) as eluent. The 
title compound was recovered as an orange solid (8.0 g, 10.5 mmol, 77% yield). 1H NMR 
(400 MHz, CDCl3): δ 7.20 (s, 2H), 0.37 (s, 18H). 
13C{1H} NMR (100 MHz, CDCl3): δ 144.5, 
139.8, 137.4, 133.5, 131.4, 114.1, 104.8, -0.24. HRMS (EI): m/z calcd for C20H20Br4S4Si2 
(M+) 763.6679 found 763.6676. 
4,9-dihydro-4,4,9,9-tetraoctyl-2,7-bis(trimethylsilyl)-thieno[2’,3’:4,5]silolo[3,2-b]thieno 
[2’’,3’’:4’,5’]silolo[2’,3’:4,5]thieno[2,3-d]thiophene (5.7). 
 
To an oven dried round bottom flask, tert-butyllithium in pentane (1.7 M) (40.4 mL, 68.7 
mmol) was added to 80 ml of anhydrous THF and cooled down to -90°C. In a second flask 
compound 5.6 (6.4 g, 8.4 mmol) was dissolved in 160 ml of anhydrous THF and cooled down 
to -90°C. This solution was added dropwise to the t-butyllithium solution, maintaining the 
temperature below -85°C. After complete addition, the resulting dark red solution was stirred 
during one hour at low temperature. Dichlorobis(2-octyl)silane (9.3 mL, 26.8 mmol) in dry 
THF (10.0 ml) was added dropwise. The reaction mixture was stirred at same temperature for 
additional 4 hours, and then the temperature was raised to room temperature overnight. The 
reaction mixture was diluted with n-hexane and quenched by addition of 200 ml of saturated 
ammonium chloride solution. The organic layer was separated and the aqueous layer was 
extracted twice with n-hexane. The combined organic layers were washed with brine and 
dried over sodium sulfate. After solvent evaporation, the crude product was purified by 
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column chromatography on silica using n-hexane as eluent. Compound 5 was recovered as a 
bright yellow solid (2.5 g, 2.6 mmol, 31% yield). 1H NMR (400 MHz, CDCl3): δ 7.17 (s, 2H), 
1.51 (m, 8H), 1.29 (bm, 40H), 0.99 (m, 8H), 0.88 (t, J = 7.1 Hz, 12H), 0.35 (s, 18H). 13C{1H} 
NMR (100 MHz, CDCl3): δ 155.7, 149.6, 144.3, 142.3, 140.8, 136.6, 133.9, 33.4, 32.0, 29.4, 
29.3, 24.4, 22.9, 14.3, 11.9, 0.30. HRMS (EI): m/z calcd for C52H88S4Si4 (M+) 952.4846 
found 952.4841. 
2,7-dibromo-4,9-dihydro-4,4,9,9-tetraoctyl-thieno[2’,3’:4,5]silolo[3,2-b]thieno 
[2’’,3’’:4’,5’]silolo[2’,3’:4,5]thieno[2,3-d]thiophene (5.8). 
 
Compound 5.7 (0.450 g, 0.5 mmol) was dissolved in 8 mL of anhydrous THF and cooled to -
20°C. Recrystallized NBS (0.172 g, 1.0 mmol) was dissolved in 8 mL of dry THF and slowly 
added to the reaction mixture. The reaction was slowly warmed to 0°C and quenched by the 
addition of water after one hour, followed by an extraction with diethyl ether. The organic 
phase was dried over sodium sulphate and the solvent was evaporated under reduced 
pressure. The crude product was purified by column chromatography with n-hexane to yield 
the title compound as a yellow solid (0.382 g, 0.4 mmol, 80% yield). 1H NMR (400 MHz, 
CDCl3): δ 7.02 (s, 2H), 1.44 (m, 8H), 1.26 (bm, 40H), 0.96 (m, 8H), 0.86 (t, J = 7.1 Hz, 12H). 
13C{1H} NMR (100 MHz, CDCl3): δ 150.5, 149.1, 144.0, 140.9, 132.6, 132.4, 111.0, 33.3, 
32.0, 29.3, 29.2, 24.3, 22.8, 14.3, 11.7. MS: m/z calcd for C46H70Br2S4Si2 (M+) 966, 968, 967, 
969, 964, 970, 965 found 966, 968, 967, 969, 964, 965, 970. 
4,9-dihydro-4,4,9,9-tetraoctyl-2,7-bis(trimethylstannyl)-thieno[2’,3’:4,5]silolo[3,2-b] 
thieno[2’’,3’’:4’,5’]silolo[2’,3’:4,5]thieno[2,3-d]thiophene (5.9). 
 
Compound 5.8 (1.6 g, 1.7 mmol) was dissolved in 70 mL of anhydrous THF and cooled to -
90°C before a 1.7 M tert-butyllithium solution in pentane (4.1 mL, 7.0 mmol) was added. 
After 30 minutes at low temperature, a 1 M THF solution of chlorotrimethylstannane (3.8 
mL, 3.8 mmol) was added to the reaction. The reaction mixture was slowly warmed to room 
temperature. After two hours the reactive mixture was diluted with n-hexane and quenched by 
the addition of water. After separating the organic layer, the aqueous layer was extracted 
Chapter 6: Experimental Procedures 
189 
several times with n-hexane. The combined organic layers were dried over sodium sulphate 
and the solvent was removed by rotary evaporation. The crude product was further purified 
by means of recycling GPC and compound 5.9 was recovered as dark yellow solid (1.6 g, 1.4 
mmol, 82% yield). 1H NMR (400 MHz, CDCl3): δ 7.16 (s, 2H), 1.55 (m, 8H), 1.32 (bm, 
40H), 1.01 (m, 8H), 0.91 (t, J = 7.1 Hz, 12H), 0.44 (s, 18H). 13C{1H} NMR (100 MHz, 
CDCl3): δ 156.1, 149.6, 144.1, 142.0, 137.9, 137.7, 133.3, 33.5, 32.0, 29.4, 29.3, 24.4, 22.8, 
14.3, 11.9, 7.9. MS: m/z calcd for C52H88S4Si2Sn2 (M+) 1134, 1136, 1135, 1133, 1132, 1137, 
1138 found 1134, 1136, 1135, 1133, 1132, 1137, 1138. 
Polymerization conditions for Chapter 5 
Polymerization A. A microwave vial was charged with monomer 5.9 (0.200 g, 0.18 mmol), 
1.0 eq. of dibrominated monomer and 5 mol% of tetrakis(triphenylphosphine) palladium (0). 
The vial was sealed and 1 mL of o-xylene was added. The reaction mixture was degassed 
with argon during 30 minutes and submitted to the following temperature scheme in the 
microwave reactor: 5 minutes at 120°C, 5 minutes at 140°C, 5 minutes at 160°C and 40 
minutes at 170°C. The reaction mixture was cooled down to room temperature and 0.1 eq. of 
bromobenzene was added in one portion by syringe. The mixture was resubmitted to the 
microwave reactor, 1 minute at 100°C, 1 minute at 120°C, 2 minutes at 140°C and 5 minutes 
at 160°C. Once the polymeric solution was cooled down, 0.1 eq. of trimethyl(phenyl) 
stannane was added by syringe. The reaction mixture was subjected on last time to the 
previously mentioned temperature scheme to finalize the end-capping reaction. After reaction, 
the crude polymer was precipitated in methanol and then further purified by Soxhlet 
extractions with acetone, n-hexane and chloroform, each for 24 hours. Remaining palladium 
residues were removed by treating a polymeric chloroform solution with an aqueous sodium 
diethyldithiocarbamate solution for 2 hours at 50°C under vigorous stirring. Afterwards the 
organic phase was separated from the aqueous phase and washed several times with water. 
The polymeric solution was concentrated under reduced pressure and precipitated into cold 
methanol. The recovered polymer was dried under high vacuum for at least 24 hours. 
Polymerization B. A 5 mL microwave vial was charged with monomer 5.9 (0.200 g, 0.18 
mmol), 1.0 eq. of dibrominated monomer, 2 mol% of tris(dibenzylideneacetone)dipalladium 
(0) and 8 mol% of tri(o-tolyl) phosphine. The vial was sealed and chlorobenzene (0.7 mL) 
was added. The obtained solution was degassed with argon during 30 minutes. The vial was 
subjected to the following reaction conditions in the microwave reactor: 2 minutes at 100°C, 
2 minutes at 120°C, 5 minutes at 140°C, 5 minutes at 160°C and 40 minutes at 170°C. The 
polymer was end-capped by addition of 0.1 eq. of bromobenzene before the reaction mixture 
was resubmitted to the microwave reactor, 1 minute at 100°C, 1 minute at 120°C, 2 minutes 
at 140°C and 5 minutes at 160°C. The polymeric solution was cooled down and 0.1 eq. of 
trimethyl(phenyl) stannane was added by syringe. The reaction vial was subjected to the 
previously mentioned temperature scheme to finalize the end-capping reaction. After reaction, 
the crude polymer was precipitated in methanol and then further purified by Soxhlet 
extractions with acetone, n-hexane and chloroform during 24 hours each. Remaining 
palladium residues were removed by treating a polymeric chloroform solution with an 
aqueous sodium diethyldithiocarbamate solution for 2 hours at 50°C under vigorous stirring. 
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Afterwards the organic phase was separated from the aqueous phase and washed several 
times with water. The polymeric solution was concentrated under reduced pressure and 
precipitated into cold methanol. The polymer was filtered off and dried under high vacuum 
for at least 24 hours. 
Poly[(thieno[3,2-b]thiophene-2,5-diyl)-alt-(4,9-dihydro-4,4,9,9-tetraoctylthieno 
[2’,3’:4,5]silolo[3,2-b]thieno[2’’,3’’:4’,5’]silolo[2’,3’:4,5]thieno[2,3-d]thiophene-2,7-diyl)] 
(5.10). 
 
Polymerization B. Dark-red solid (0.122 g, 0.13 mmol, 72% yield). Mn = 31 kg mol
-1, Mw = 
60 kg mol-1, Dw = 1.9. 
1H NMR (o-DCB-d4, 400 MHz, 40°C) δ 7.7-7.6 (bs, 2H), 7.5-7.4 (bs, 
2H), 2.2-1.8 (bs, 8H), 1.8-1.4 (m, 42H), 1.3-1.1 (m, 18). 
 
  
 
Figure 6.19: 1H NMR spectrum of 5.10. 
Chapter 6: Experimental Procedures 
191 
Poly[(5,6-dihydro-5-octyl-4,6-dioxo-4H-thieno[3,4-c]pyrrole-1,3-diyl)-alt-(4,9-dihydro-
4,4,9,9-tetraoctylthieno[2’,3’:4,5]silolo[3,2-b]thieno[2’’,3’’:4’,5’]silolo[2’,3’:4,5] 
thieno[2,3-d]thiophene-2,7-diyl)] (5.11). 
 
Polymerization B. Dark-blue solid (0.143 g, 0.14 mmol, 76% yield). Mn = 21 kg mol
-1, Mw = 
26kg mol-1, Dw = 1.2. 
1H NMR (o-DCB-d4, 400 MHz, 40°C) δ 8.52 (s, 2H), 4.1-3.7 (bm, 2H), 
2.1-1.9 (bm, 2H), 1.9-1.7 (bm, 8H), 1.6-1.3 (bm, 58H), 1.1 (m, 15H). 
Poly[(2,1,3-benzothiadiazole-4,7-diyl)-alt-(4,9-dihydro-4,4,9,9-tetraoctylthieno 
[2’,3’:4,5]silolo[3,2-b]thieno[2’’,3’’:4’,5’]silolo[2’,3’:4,5]thieno[2,3-d]thiophene-2,7-diyl)] 
(5.12). 
 
 
Figure 6.20: 1H NMR spectrum of 5.11. 
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Polymerization A. Dark-blue solid (0.126 g, 0.14 mmol, 76% yield). Mn = 19 kg mol
-1, Mw = 
53 kg mol-1, Dw = 2.8. 
1H NMR (o-DCB-d4, 400 MHz, 40°C) δ 8.6 (s, 2H), 8.1-7.8 (s, 2H), 
2.0-1.8 (bm, 8H), 1.7-1.5 (bm, 8H), 1.5-1.3 (bm, 40H), 1.1 (t, J = 6 Hz, 12H). 
 
Poly[(2,1,3-benzothiadiazole-4,7-diyl)-alt-2,5-thiophenediyl(4,9-dihydro-4,4,9,9-
tetraoctylthieno[2’,3’:4,5]silolo[3,2-b]thieno [2’’,3’’:4’,5’]silolo[2’,3’:4,5]thieno[2,3-d] 
thiophene-2,7-diyl)-2,5-thiophenediyl] (5.13). 
 
Polymerization B. Dark-blue solid (0.131 g, 0.12 mmol, 75% yield). Mn = 22 kg mol
-1, Mw = 
38 kg mol-1, Dw = 1.7. 
1H NMR (o-DCB-d4, 400 MHz, 40°C) δ 8.2 (s, 2H), 7.8-7.6 (bs, 2H), 
7.6-7.3 (m, 4H), 2.0-1.6 (m, 8H), 1.6-1.1 (bm, 48H), 1.0-0.8 (m, 12H). 
  
 
Figure 6.21: 1H NMR spectrum of 5.12. 
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Poly[(5,6-difluoro-2,1,3-benzothiadiazole-4,7-diyl)-alt-(4,9-dihydro-4,4,9,9-
tetraoctylthieno[2’,3’:4,5]silolo[3,2-b]thieno[2’’,3’’:4’,5’]silolo[2’,3’:4,5]thieno[2,3-d] 
thiophene-2,7-diyl)] (5.14). 
 
Polymerization A. Dark-blue solid (0.114 g, 0.12 mmol, 66% yield). Mn = 40 kg mol
-1, Mw = 
58 kg mol-1, Dw = 1.5.
 1H NMR (o-DCB-d4, 400 MHz, 40°C) δ 8.8 (s, 2H), 2.0-1.8 (bm, 8H), 
1.7-1.5 (bm, 8H), 1.5-1.3 (bm, 40H), 1.1 (t, J = 6 Hz, 12H). 
 
  
 
Figure 6.22: 1H NMR spectrum of 5.13. 
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Poly[(5,6-difluoro-2,1,3-benzothiadiazole-4,7-diyl)-alt-2,5-thiophenediyl(4,9-dihydro-
4,4,9,9-tetraoctylthieno[2’,3’:4,5]silolo[3,2-b]thieno[2’’,3’’:4’,5’]silolo[2’,3’:4,5] 
thieno[2,3-d] thiophene-2,7-diyl)-2,5-thiophenediyl] (5.15). 
 
Polymerization B. Dark-blue solid (0.090 g, 0.08 mmol, 45% yield). Mn = 9 kg mol
-1, Mw = 
14 kg mol-1, Dw = 1.6. 
1H NMR (o-DCB-d4, 400 MHz, 40°C) δ 8.5 (s, 2H), 7.8-7.5 (bm, 4), 
2.0-1.7 (m, 8H), 1.7-1.3 (bm, 48H), 1.2-1.0 (m, 12H). 
 
 
  
 
Figure 6.23: 1H NMR spectrum of 5.14. 
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Figure 6.24: 1H NMR spectrum of 5.15. 
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Appendix A 
 
X-Ray crystal structure data for compound 4.4. 
 
Formula C46 H74 S2 Si2 
Formula weight 747.35 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 8.0543(3) Å  = 78.644(3)° 
 b = 10.8223(4) Å  = 81.173(3)° 
 c = 13.9476(4) Å  = 72.079(3)° 
Volume, Z 1128.49(7) Å3, 1 
Density (calculated) 1.100 Mg/m3 
Absorption coefficient 0.200 mm-1 
F(000) 410 
Crystal colour / morphology Pale yellow blocks 
Crystal size 0.46 x 0.39 x 0.28 mm3 
 range for data collection 3.19 to 32.89° 
Index ranges -11<=h<=12, -14<=k<=16, -20<=l<=20 
Reflns collected / unique 12376 / 7412 [R(int) = 0.0201] 
Reflns observed [F>4(F)] 6102 
Absorption correction Analytical 
Max. and min. transmission 0.960 and 0.933 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7412 / 0 / 226 
Goodness-of-fit on F2 1.084 
Final R indices [F>4(F)] R1 = 0.0380, wR2 = 0.1050 
R indices (all data) R1 = 0.0493, wR2 = 0.1112 
Largest diff. peak, hole 0.421, -0.234 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
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Table 2. Bond lengths [Å] and angles [°]. 
 
S(1)-C(8) 1.7140(10) 
S(1)-C(2) 1.7158(12) 
C(2)-C(3) 1.3652(15) 
C(3)-C(4) 1.4269(14) 
C(4)-C(8) 1.3824(14) 
C(4)-Si(5) 1.8679(10) 
Si(5)-C(10) 1.8693(10) 
Si(5)-C(18) 1.8726(10) 
Si(5)-C(6) 1.8797(10) 
C(6)-C(9) 1.3914(13) 
C(6)-C(7) 1.4148(12) 
C(7)-C(9)#1 1.3969(13) 
C(7)-C(8) 1.4660(13) 
C(9)-C(7)#1 1.3969(13) 
C(10)-C(11) 1.5278(13) 
C(11)-C(12) 1.5231(14) 
C(12)-C(13) 1.5217(14) 
C(13)-C(14) 1.5188(14) 
C(14)-C(15) 1.5197(14) 
C(15)-C(16) 1.5151(15) 
C(16)-C(17) 1.5203(17) 
C(18)-C(19) 1.5302(13) 
C(19)-C(20) 1.5221(13) 
C(20)-C(21) 1.5226(14) 
C(21)-C(22) 1.5248(14) 
C(22)-C(23) 1.5208(15) 
C(23)-C(24) 1.5167(15) 
C(24)-C(25) 1.5218(18) 
 
C(8)-S(1)-C(2) 91.26(5) 
C(3)-C(2)-S(1) 112.13(8) 
C(2)-C(3)-C(4) 113.06(10) 
C(8)-C(4)-C(3) 110.75(9) 
C(8)-C(4)-Si(5) 107.12(7) 
C(3)-C(4)-Si(5) 142.13(8) 
C(4)-Si(5)-C(10) 114.81(5) 
C(4)-Si(5)-C(18) 115.41(4) 
C(10)-Si(5)-C(18) 110.53(4) 
C(4)-Si(5)-C(6) 91.55(4) 
C(10)-Si(5)-C(6) 110.64(4) 
C(18)-Si(5)-C(6) 112.61(4) 
C(9)-C(6)-C(7) 118.81(8) 
C(9)-C(6)-Si(5) 131.66(7) 
C(7)-C(6)-Si(5) 109.53(7) 
C(9)#1-C(7)-C(6) 121.49(8) 
C(9)#1-C(7)-C(8) 126.29(8) 
C(6)-C(7)-C(8) 112.23(8) 
C(4)-C(8)-C(7) 119.57(9) 
C(4)-C(8)-S(1) 112.79(8) 
C(7)-C(8)-S(1) 127.63(7) 
C(6)-C(9)-C(7)#1 119.71(8) 
 209 
C(11)-C(10)-Si(5) 114.55(7) 
C(12)-C(11)-C(10) 113.65(8) 
C(13)-C(12)-C(11) 113.26(8) 
C(14)-C(13)-C(12) 114.13(9) 
C(13)-C(14)-C(15) 113.48(9) 
C(16)-C(15)-C(14) 113.83(9) 
C(15)-C(16)-C(17) 113.80(11) 
C(19)-C(18)-Si(5) 114.69(6) 
C(20)-C(19)-C(18) 113.74(8) 
C(19)-C(20)-C(21) 114.00(8) 
C(20)-C(21)-C(22) 113.48(9) 
C(23)-C(22)-C(21) 114.04(9) 
C(24)-C(23)-C(22) 113.92(10) 
C(23)-C(24)-C(25) 113.40(11) 
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Appendix B 
 
X-Ray crystal structure data for compound 5.7. 
 
Formula C52 H88 S4 Si4 
Formula weight 953.82 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 11.9054(4) Å  = 64.485(3)° 
 b = 11.9347(4) Å  = 64.935(3)° 
 c = 12.3649(4) Å  = 85.259(3)° 
Volume, Z 1425.49(10) Å3, 1 
Density (calculated) 1.111 Mg/m3 
Absorption coefficient 0.282 mm-1 
F(000) 520 
Crystal colour / morphology Yellow blocks 
Crystal size 0.39 x 0.30 x 0.19 mm3 
 range for data collection 3.24 to 32.64° 
Index ranges -17<=h<=17, -17<=k<=17, -18<=l<=15 
Reflns collected / unique 15902 / 9276 [R(int) = 0.0192] 
Reflns observed [F>4(F)] 6934 
Absorption correction Analytical 
Max. and min. transmission 0.962 and 0.921 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9276 / 305 / 327 
Goodness-of-fit on F2 1.065 
Final R indices [F>4(F)] R1 = 0.0484, wR2 = 0.1276 
R indices (all data) R1 = 0.0703, wR2 = 0.1404 
Largest diff. peak, hole 0.577, -0.264 eÅ-3 
Mean and maximum shift/error 0.000 and 0.000 
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Table 2. Bond lengths [Å] and angles [°]. 
 
S(1)-C(8) 1.7125(16) 
S(1)-C(2) 1.7317(17) 
C(2)-C(3) 1.380(2) 
C(2)-Si(11) 1.8697(16) 
C(3)-C(4) 1.427(2) 
C(4)-C(8) 1.381(2) 
C(4)-Si(5) 1.8801(16) 
Si(5)-C(23) 1.8702(17) 
Si(5)-C(15) 1.8761(18) 
Si(5)-C(6) 1.8800(17) 
C(6)-C(7) 1.385(2) 
C(6)-C(9) 1.423(2) 
C(7)-C(8) 1.459(2) 
C(7)-S(10) 1.7344(16) 
C(9)-C(9)#1 1.395(3) 
C(9)-S(10)#1 1.7368(16) 
S(10)-C(9)#1 1.7368(16) 
Si(11)-C(12) 1.854(2) 
Si(11)-C(13) 1.857(2) 
Si(11)-C(14) 1.858(2) 
C(15)-C(16) 1.531(3) 
C(16)-C(17) 1.495(3) 
C(17)-C(18) 1.494(6) 
C(17)-C(18') 1.544(12) 
C(17)-C(18") 1.572(12) 
C(18)-C(19) 1.554(9) 
C(19)-C(20) 1.455(7) 
C(20)-C(21) 1.510(9) 
C(21)-C(22) 1.496(10) 
C(18')-C(19') 1.534(12) 
C(19')-C(20') 1.491(10) 
C(20')-C(21') 1.552(10) 
C(21')-C(22') 1.471(12) 
C(18")-C(19") 1.513(13) 
C(19")-C(20") 1.526(13) 
C(20")-C(21") 1.593(14) 
C(21")-C(22") 1.480(15) 
C(23)-C(24) 1.534(2) 
C(24)-C(25) 1.521(3) 
C(25)-C(26) 1.539(3) 
C(26)-C(27) 1.501(3) 
C(27)-C(28') 1.403(6) 
C(27)-C(28) 1.613(4) 
C(28)-C(29) 1.524(5) 
C(29)-C(30) 1.494(6) 
C(28')-C(29') 1.523(8) 
C(29')-C(30') 1.489(8) 
 
C(8)-S(1)-C(2) 92.38(8) 
C(3)-C(2)-S(1) 109.68(12) 
C(3)-C(2)-Si(11) 128.95(13) 
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S(1)-C(2)-Si(11) 121.34(10) 
C(2)-C(3)-C(4) 114.83(15) 
C(8)-C(4)-C(3) 110.27(14) 
C(8)-C(4)-Si(5) 107.67(11) 
C(3)-C(4)-Si(5) 142.05(13) 
C(23)-Si(5)-C(15) 111.20(8) 
C(23)-Si(5)-C(6) 110.89(8) 
C(15)-Si(5)-C(6) 111.86(8) 
C(23)-Si(5)-C(4) 114.66(7) 
C(15)-Si(5)-C(4) 115.28(8) 
C(6)-Si(5)-C(4) 91.47(7) 
C(7)-C(6)-C(9) 108.78(14) 
C(7)-C(6)-Si(5) 107.89(12) 
C(9)-C(6)-Si(5) 143.31(13) 
C(6)-C(7)-C(8) 116.15(15) 
C(6)-C(7)-S(10) 114.86(12) 
C(8)-C(7)-S(10) 128.98(12) 
C(4)-C(8)-C(7) 116.80(14) 
C(4)-C(8)-S(1) 112.84(12) 
C(7)-C(8)-S(1) 130.36(13) 
C(9)#1-C(9)-C(6) 115.26(18) 
C(9)#1-C(9)-S(10)#1 110.62(16) 
C(6)-C(9)-S(10)#1 134.12(13) 
C(7)-S(10)-C(9)#1 90.48(8) 
C(12)-Si(11)-C(13) 109.79(15) 
C(12)-Si(11)-C(14) 111.19(14) 
C(13)-Si(11)-C(14) 110.73(13) 
C(12)-Si(11)-C(2) 109.52(10) 
C(13)-Si(11)-C(2) 108.63(10) 
C(14)-Si(11)-C(2) 106.91(9) 
C(16)-C(15)-Si(5) 115.70(13) 
C(17)-C(16)-C(15) 114.45(17) 
C(18)-C(17)-C(16) 122.4(4) 
C(16)-C(17)-C(18') 111.5(5) 
C(16)-C(17)-C(18") 106.8(5) 
C(17)-C(18)-C(19) 111.8(6) 
C(20)-C(19)-C(18) 115.2(6) 
C(19)-C(20)-C(21) 116.4(7) 
C(22)-C(21)-C(20) 114.4(7) 
C(19')-C(18')-C(17) 115.0(11) 
C(20')-C(19')-C(18') 113.3(11) 
C(19')-C(20')-C(21') 114.9(7) 
C(22')-C(21')-C(20') 109.0(9) 
C(19")-C(18")-C(17) 109.6(11) 
C(18")-C(19")-C(20") 111.6(12) 
C(19")-C(20")-C(21") 105.9(12) 
C(22")-C(21")-C(20") 106.7(13) 
C(24)-C(23)-Si(5) 112.17(11) 
C(25)-C(24)-C(23) 114.34(14) 
C(24)-C(25)-C(26) 113.36(16) 
C(27)-C(26)-C(25) 114.6(2) 
C(28')-C(27)-C(26) 125.3(3) 
C(26)-C(27)-C(28) 107.5(2) 
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C(29)-C(28)-C(27) 113.0(3) 
C(30)-C(29)-C(28) 114.6(3) 
C(27)-C(28')-C(29') 118.4(5) 
C(30')-C(29')-C(28') 112.6(5) 
 
 
